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design  making  use  of  GaAs  Schottky  barrier-gate  field  effect  transistors 
(GAASFET's)  operating  in  the  nbgative<feedback  "transimpedance"  mode.  The 
inverted  honio-heterojunction  GaAsi-xSbx' avalanche  photodiodes  developer'  in  this 
program  give  1.064y  quantum  efficiencies  over  96*,  and  for  typical  3 s, il 
diameter  devices,  have  bulk  leakages  of  about  300  pA,  total  leakages  vr  about 
3nA  at  -50  volts  bias,  and  junction  capacitances  of  only  Cj=0.1pf.^ Since  all  of 
the  light  absorption  in  the  l.Ou  to  1.08u  spectral  width  of  these  ''^O's  is 
absorbed  in  the  depletion  region,  for  which  the  transit  time  is  u>,u't’'-^_p.S„  the 
intrinsic  APD  frequency  response  is  of  the  order  of  10  GHz.  Peak  avalanche 
gains  up  to  24dB  at  273  MHz  have  been  obtained  with  these  devices.  The  very 
low  junction  capacitance  of  this  new  APD  makes  it  possible  to  rea  ize  an 
extremely  charge-sensitive  receiver  by  hybrid  integrating  the  APL  with  a 
correspondingly  low  input  capacitance  preamp.  This  ultra-low  ir.'it  capacitance 
is  achieved  in  the  receivers  developed  under  this  program  by  th^  se  of  a 
GAASFET  input  stage,  with  the  resisto*'  thermal  noise  minimized  \ operating 
the  input  stage  as  an  "operational  amplifier"  in  the  negative  f*  ?dback  or 
"transimpedance"  mode.  For  closed-loop  bandwidths  approaching  gigahertz,  of 
course,  this  "op-amp"  must  be  very  fast  to  avoid  oscillation,  .everai  preamp 
designs  were  tried  in  this  work.  In  the  fastest  preamp  fabriLo  lid,  the  input 
capacitance  was  approximately  0.28  pf  (plus  O.lpf  APD  capacitMu.e) , the  open- 
loop  "op-amp"  gain  was  20  with  a gain-bandwidth  of  5 GHz,  and  c'le  closed-loop 
frequency  response  with  a 5KJi  feedback  resistance  was  Fg^jp  MHz.  The 

response  of  the  receiver  to  a short  current  impulse  gives  ar  ^ ,cput  pulsewidth 
of  Ins  (full  width  at  10%  maximum)  and  a pulse  of  only  Nu  = electrons  will 
give  a peak  output  equal  to  the  rms  noise  output.  Vlith  app-op^iate  short  pulse 
sampling  of  the  output,  this  receiver  should  achieve  10"^  bir  error  rate 
detection  of  PGBM  modelocked  laser  data  with  a difference  n signal  between  a 
"1"  and  a "0"  of  only  Nph  = 3440/M  photons/bit,  where  M is  the  avalanche  gain 
(for  low  M).  (Bit  error  rate  measurements  in  an  actual  high  data  rate  laser 
communications  system  on  receivers  of  this  type  have  given  values  of  required 
signal  level  to  achieve  a given  BER  in  excellent  agreement  with  those  calculated 
from  our  preamp  test  data.  Even  for  small  avalanche  gains,  this  is  the  most 
sensitive  1.06u  high  data  rate  receiver  available  anywhere.  As  the  1.06ii  APD 
gains  are  increased,  it  should  be  possible  to  achieve  very  substantial  reduc- 
tions in  power  level  required  for  gigabit  laser  communications. 
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Defining  Response  Parameters. 
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Various  1.06vi  Detectors  as  400  Mb/s  P6BM  Mode- 

locked  Laser  Communications  Receivers.  Plotted 
is  the  number  of  photons  per  bit  required  for  10~ 
bit  error  rate  data  reception  as  a function  of 
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for  lowest  curve  SAASFET  preamp  as  a goal;  best 
pe'^formance  achieved  to  date  is  = 347  electrons 
for  p'^eanip  ^8,  the  curve  for  which  would  lie  a 
factor  of  2 above  this  for  low  M. 
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1.0  INTRODUCTION  AND  SUMMARY 

1 . 1 Introduction 

Gigabit  data  rate  communications  between  synchronous  satellites 
would  require  prohibitive  amounts  of  power  at  microwave  frequencies 
because  of  the  large  antenna  beam  divergences.  At  optical  wavelengths, 
beam  divergences  of  a few  microradians  can  be  obtained  with  modest  optics, 
so  that  more  reasonable  fractions  of  laser  transmitter  power  are  inter- 
cepted by  the  receiver  optics.  This  makes  it  possible,  at  least  in 
principle,  to  achieve  gigabit  data  rate  of  optical  communication  between 
satellites  with  practical  laser  power  levels  at  the  transmitter.  The 
1.06ii  Nd-YA6  laser  is  attractive  for  this  application  because  of  the 
good  CW  pump  power  to  laser  output  power  conversion  efficiency  possible 
with  this  material  and  the  fact  that  its  wide  gain  line  makes  it  possible 
to  obtain  short  (<  200  ps  FWTM)  optical  pulsewidths  in  modelocked  opera- 
tion. Jn  laser  communications,  concentrating  all  of  the  optical  energy 
into  short  pulses  with  high  peak  power  improves  both  the  efficiency  of 
modulation  (no  optical  energy  is  wasted  while  the  modulator  is  making 
transitions  between  states)  and  the  detection  sensitivity  (because  the 
peak  received  power  is  higher  relative  to  the  ba'^kground  light  level  or 
equivalent  detector  noise)  relative  to  simple  CW  transmission. 

The  implementation  of  a gigabit  satellite  laser  communications 
system  of  this  type  requires,  along  with  the  modelocked  laser,  optics, 
tracking  system,  etc.,  both  a modulator  and  a receiver  with  very  wide 
bandwidth  capability.  For  example,  in  the  Air  Force  405B  laser  communi- 
cations system  a double  modulator  arrangement  is  used  at  the  output  of 
a polarized  500  Mpps  modelocked  Nd-YA6  laser  such  that  a pulse  may  be 
transmitted  either  in  its  original  polarization  or  at  9fr  in  either  its 
original  "time  slot"  or  delayed  by  Ins.  In  this  PQM  system, the  second 
modulator  must  make  a 90'^’  rotation  - no  rotation  transition  in  Ins,  which 
requires  a modulator  with  bandwidth  well  in  excess  of  1 GHz  if  good 
extinction  ratio  is  to  be  obtained.  Similarly,  it  is  necessary  to  have 
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Fig.  1.1  Photograph  of  6AASFET  preamp  #8  shown  with  a signal-averaped 
oscilloscope  trace  showing  the  subnanosecond  response  of  #8 
(measured  through  cascaded  B&H  preamps)  to  a current  impulse 
input  of  4125  electrons  (25  mV/cm  vertical,  InS/cm  horizontal) 
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an  optical  receiver  with  transient  response  to  the  short  modelocked 
laser  pulses  of  Ins  or  less  (rise  or  fall  from  peak  to  baseline).  While 
it  is  principally  this  wide  bandwidth  which  pushes  the  state  of  the  art 
in  the  optical  modulator,  in  the  receiver,  it  is  necessary  to  have  not 
only  wide  signal  bandwidth,  but  in  addition,  extreme  sensitivity  in  order 
to  achieve  acceptably  low  error  rates  in  data  detection  with  the  very 
low  signal  power  levels  available  at  the  receiver. 

In  the  Air  Force  405B  gigabit  laser  communications  system,  as 
is  often  the  case  in  systems  work,  the  direction  that  the  system  develop- 
ment takes  depends  upon  the  availability  (or  non-availability)  of  certain 
key  components.  In  this  case  one  of  the  key  factors  giving  rise  to  the 
present  orientation  of  the  405B  system  is  the  lack  of  a suitable  high 
quantum  efficiency  photocathode  at  the  1.064n  Nd-YAG  laser  line.  If  a 
high  gain,  high  quantum  efficiency  photomultiplier  for  1.06y  were  avail- 
able with  the  required  speed,  reliability  and  low  noise  count  character- 
istics, they  would  represent  a very  attractive  solution  to  the  1.06u 
receiver  problem.  Of  course,  in  a photcmi.ltipl ier  (or  other  shot-noise- limited) 
receiver  approach,  the  modulator  must  !iave  high  extinction  ratio  for  reasonable 
system  performance.  Because  the  electro-optic  coefficients  for  most  common 
modulator  materials  are  considerably  higher  in  the  visible  wavelength  range 
than  they  are  at  1.06p,  it  is  more  Oiffiaiit  to  fabricate  a high-speed  modu- 
lator at  l.OGu  than  it  is  at  0.'33i;,  for  example,  assuming  the  same  materials 
are  used.  Of  course,  it  shCvild  be  possible  to  develop  optimized  1.06|,  modulator 
materials  with  some  research  effort,  but  at  least  from  a close  to  "off  the  shelf" 
standpoint  of  the  key  devices  (the  modulator  and  receiver),  the  l.OGti  approach 
looks  difficult  (or  at  least  did  at  the  time  of  brassboard  approach  was  committed). 

fortunately,  while  high  quantum  efficiency  l.OGu  photomultipliers 
and  high  extinction  ratio  gigabit  l.OGw  modulators  were  not  available, 
another  approach  to  laser  conynunication  using  the  Nd-YAG  laser  was  - 
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doubling  to  0.53n.  At  0.53p,  reasonably  good  quantum  efficien-'y  phcto- 
cathodes  (oq  20%  to  25%)  are  available.  Consequently,  a h^gh-speed 
photomultiplier  should,  at  least  in  principle,  provide  a reasonably 
sensitive  low  noise  receiver  at  this  wavelength.  For  example,  assuming 
an  ideal  photomultiplier  with  no  excess  gain  ncise  or  spurious  noise 
mechanisms,  the  photoelectron  counting  limit  to  distinguish  a "1"  from 
a "0"  with  an  error  probability  of  10"  when  the  sum  of  modulator  zero 
feedthru,  background  photocurrent  and  photocathode  dark  current  is  10% 
of  the  signal  amplitude  is  47  photoelectrons/bit  (on  a transmitted  "1"). 

Hence,  assuming  a photocathode  quantum  efficiency  of  about  n «-5% 
a signal  level  of  about  200  green  photons  on  a received  "1"  would 
be  required  for  the  10"®  BER. 

While  the  0.53p  frequency-doubled  approach  has  the  advantage 
of  a higher  state  of  modulator  development  and  much  higher  quantum 
efficiency  photomultipliers  than  are  available  at  1.06ii,  there  are  signif- 
icant disadvantages  as  well.  For  one  thing,  0.53m  photons  are  much  more 
"expensive"  in  terms  of  laser  input  power  than  1.06m  photons.  Even  in  an 
ideal  doubler  it  would  take  two  1.06u  photons  to  make  one  0.53m  photon; 
in  practical  systems  a reasonable  estimate  is  that  0.53m  photons  are  about 
three  times  as  "expensive"  as  1.06m  photons.  Further,  the  frequency  doubler 
itself  is  a somewhat  "touchy"  devic'  Certainly,  given  a reasonable  1.06m 
modulator  and  sensitive  1.06m  detector,  the  1.06m  approach  would  have  to  be  given 
serious  consideration.  (The  fact  that  the  Rayleigh  scattering  for  1.06m  light 
is  only  one  sixteenth  that  for  0.53m  light  could  be  of  some  significance  for 
satellite  to  ground  links  as  well.) 

These  considerations,  hov/eve»',  do  not  constitute  a full  system 
analysis  since  other  factors  and  details  need  to  be  considered.  For  example, 
with  a given  optics  size,  the  diffraction  spreading  for  1.06m  is  twice  as 
great  as  for  0.53m. 
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An  attractive  solution  to  the  1.06n  receiver  problem 

would  be  a stable;  reliable  all  solid-state  receiver  using  an  avalanche 

photodiode  detector.  Unfortunate! v,  the  material  from  which  the  highest 

gain  avalanche  photodiodes  have  been  fabricated,  silicon,  is  virtually 

useless  for  this  gigabit  1.06u  application.  The  problem  is  that  silicon, 

an  indirect  bandgap  semiconductor,  has  an  optical  absorption  coefficient 

of  only  = 10  cm'^  at  1.064u,  which  means  that  any  device  which  has  a 

depletion  width  large  enough  to  have  reasonable  quantum  efficiency  at 

1.06yi  will  have  a transit  time  far  too  long  for  gigabit  data  rate  use 

(the  1.06u  quantum  efficiency-gain  product  will  be  f3jgn-|  40  MHz 

for  Si  devices).  For  example,  good  high  gain  silicon  APD's  are  available 

with  1.06u  quantum  efficiencies  of  15%  or  so,  but  their  frequency  response 

is  barely  200  MHz.  A silicon  device  could  be  fabricated  with  narrower 

depletion  region  to  give  adequate  bandwidth  for  gigabit  data  rate  use, 

but  its  1.06  quantum  efficiency  wnuld  be  too  low  to  be  useful  in  the 

communications  system.  (On  the  other  hand,  a silicon  APD  of  this  type 

4 -1 

could  make  a good  0.53u  detector,  since  10  cm  for  silicon  at  0.53y.^ 

What  is  required  for  a good  high  quantum  efficiency,  high 
speed,  low  noise  1.06u  avalanche  photodiode  is  a direct  bandgap  semi- 
conductor with  an  e,.argy  gap  of  about  1.1  eV  and  an  optical  absorption 
coefficient  of  about  10^  cm”^  at  1.064v.  The  ternary  III-V  semiconductor 
alloys  can  meet  these  requirements.  In  the  work  described  here,  we  have 
fabricated  GaAs,  5b  avalanche  photodiodes  with  1.06u  quantum  efficiencies 
of  the  order  of  96%,  junction  capacitances  of  Cj  ~ 0.1  pf  and  depletion 
region  transit  times  of  under  50  ps  (under  20  ps  in  some  devices).  Since 
the  bulk  leakage  currents  of  these  devices  are  only  about  300  pA,  the 
photon-counting  limit  of  such  a detector  (not  considering  excess  avalanche 
gain  noise  or  preamp  noise)  would  be  well  under  100  photons/bit  for  a 
10'^  BER.  "^his  would  represent  over  a factor  of  10  reduction  in  trans- 
mitter power  relative  to  the  0.53u  approach. 
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Of  course,  in  a real  APD  receiver,  both  the  preamp  noise  and 
the  excess  avalanche  gain  noise  are  important,  the  former  dominating  for 
small  APD  gains  (M  < 10)  and  the  latter  at  very  high  APD  gains  (M>200; 
see  Fig.  2.3).  It  is  handy  in  an  APD  detector  to  have  high  avalanche 
gain  so  that  c.ie  does  not  have  to  be  particularly  careful  about  the  preamp 
noise,  although  operation  with  lower  APD  gain  with  a quieter  preamp  will 
always  give  better  performance  under  the  same  conditions  than  using  higher 
APD  gain  with  a noisier  preamp.  Unfortunately,  in  the  III-V  alloy  APD 
detectors,  this  is  somewhat  academic,  as  no  one  (either  in  our  laboratory 
or  elsewhere)  has  succeeded  in  repeatably  attaining  1.06y  avalanche  gains 
in  the  hundreds  in  ternary  alloy  APD's.  In  this  v;ork,  the  peak  APD 
gains  were  of  the  order  of  20-25  dB,  which  means  that  considerable  care 
is  required  to  limit  preamp  noise  if  high  receiver  sensitivity  is  to  be 
attained.  For  this  reason  the  contractual  effort  was  shared  between 
improving  the  heterojunction  III-V  alloy  avalanche  photodiode'^  developed 
under  previous  contracts  (Refs.  1 and  2)  and  developing  an  extremely  low 
noise  preamp  to  go  with  the  APD.  The  goal  of  this  research  program  was 
to  develop  a l.OSti  optical  receiver  capable  of  detecting  a gigabit  data 
rate  binary-modulated  modelocked  laser  data  stream  with  a <10’®  bit 
error  rate  with  a signal  level  of  1000  photons/bit  for  a received  "1". 
(Such  a receiver  would  have  perfonnance,  in  terms  of  required  transmitter 
power,  roughly  equivalent  to  what  could  be  accomplished  with  the  0.53u 
frequency-doubled  approach.) 

The  approach  to  this  gigabit  I.O611  receiver  development  is  to 
hybrid  integrate  the  n-|  Qg^^=  96‘X  GaAs-|_^Sb^  heterojunction  avalanche 
photodiode  with  an  extremely  charge  sensitive  wideband  preamp  utilizing 
GaAs  Schottky  barrier  field  effect  transistors  (GAASFET's).  The  remark- 
able charge  sensitivities  attained  in  these  receivers  (as  low  as 
Nq  = 347  electrons  in  an  input  current  pulse  for  a peak  output  equal  to 
the  rms  noise  output)  are  made  possible  by  the  exceptionally  low  APD 
junction  capacitances  {'•  U.l  pf)  and  GAASFET  input  capacitances  (0.28  pf), 
combined  with  the  reduced  Johnson  noise  current  attained  by  operating  the 
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preamp  in  the  negative  feedback  (transimpedance)  mode.  A picture  of  one 
of  these  receivers  is  shown  in  Fig,  1.1.  Development  of  such  a radical 
new  preamplifier  approach  is  an  undertaking  of  considerable  magnitude 
and  was  supported,  along  witfi  this  Air  Force  contract,  by  two  NASA  (GSFC) 
contracts  (NAS5-23134  and  NAS5-23333)  for  lower  data  rate  1.06^i  receivers. 
Because  these  contracts  share  with  this  Air  Force  work  a common  base  of 
technology,  the  results  for  these  NASA-delivered  preamps  is  included  in 
this  report  as  an  important  backgrou.td  for  understanding  the  Air  Force 
gigabit  receiver  results.  An  important  side  benefit  of  this  associated 
work  was  a NASA-funded  comparison  between  available  1.06^i  detectors  in 
terms  of  their  performance  in  a 400  Mb/s  1.06p  P6BM  optical  communications 
system  at  McDonnell  Douglas  Astronautics,  St.  Louis.  The  results  of 
measurements  on  one  of  our  GaAs,  Sb  APO-GAASFET  receivers  which  was 

1 ■*A  A 

optimized  for  use  with  this  400  Mb/s  system  gave  bit  error  rate  versus 
signal  power  performance  in  these  system  measurements  in  excellent  agree- 
ment fFig.  4.23)  that  calculated  from  our  test  data  on  the  preamp.  Biased 
for  no  detector  avalanche  gain  at  all,  the  receiver  achieved  a 10”  BER 
with  a lower  signal  level  than  the  best  Varian  III-V  alloy  cathode  PMT 
required  at  optimum  gain.  Operated  at  an  avalanche  gain  of  only  M = 2, 
this  receiver  was  more  sensitive  than  two  silicon  avalanche  photodiodes 
operated  optically  in  series  and  electrically  in  parallel  operated  at  a 
gain  of  M = 100.  (Of  course  the  speed  of  this  silicon  APD  arrangement 
is  far  too  low  for  gigabit  use.)  The  receivers  developed  under  this 
program  have  demonstrated  that  they  are  most  sensitive  wideband  1.06u 
optical  receivers  demonstrated  anywhere. 

The  important  question  for  the  Air  Force  with  regard  to  this 
receiver  program  is  how  does  this  1.06u  receiver  impact  the  future  of 
the  405B  gigabit  optical  coinnunication  system  program.  How  does  our 
present  performance  compare  with  the  system  requirements  and  what  can 
reasonably  be  expected  in  the  future?  The  most  sensitive  GAASFET  preamp 
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developed  in  this  program  has  a maximum  bit  rate  of  nearly  1.5  Gb/s  and 
requires  a signal  level  difference  between  a "1"  and  a "0"  of  about 
N . = 3440/M  photons/bit  (where  M is  the  avalanche  gain)  to  detect  a 

P”  -5 

1.064u  modelocked  laser  pulse  with  a 10  error  probability.  While 
the  peak  avalanche  gains  obtained  with  the^e  GaAs,  Sb  APD's  are  above 
M = 10  (20  dB),  the  average  gains  over  the  detector  area  are  more  of  the 
order  of  10  dB.  Using  this  lower  value  for  M,  we  see  that  we  would  require 
a bit  over  1000  I.OGIj  photons/bit  for  lO"^  BER  communications. 

It  should  be  noted  that  at  these  lower  levels  of  avalanche  gain,  the 
required  signal  level  is  not  a strong  function  of  modulator  extinction 
ratio  (as  it  is  with  a PMT  detector),  so  that  the  l.OSu  modulator  problem 
is  not  so  severe  with  this  detector  approach  (see  Fig.  2.4).  As  discussed 
in  Section  4.1,  the  mechanisms  limiting  the  avalanche  gain  in  our  current 
APD's  are  believed  to  be  fairly  well  understood,  so  that  there  is  every 
reason  to  expect  to  achieve  much  higher  average  avalanche  gains  with 
additional  effort.  Note  that  with  the  present  receiver  parameters  with 
an  average  detector  gain  of  30  or  more,  the  laser  power  required  at 
the  receiver  would  be  only  10%  to  20%  of  that  required  in  the  0.53u 
frequency-doubled  approach.  From  the  standpoint  of  the  present  level  of 
performance  and  the  improvements  possible  with  further  developmental 

effort,  this  heterojunction  Ii>V  illoy  APD-GAASFET  receiver  work  could 
ha' e considerable  impact  on  the  future  directions  of  the  Air  Force  405B 
gigabit  satellite  laser  communication  system. 

1.2  Summary 

The  central  effort  in  this  program  has  been  to  develop  a high 
quantum  efficiency,  low  capacitance  APD  and  an  extremely  charge- 
sensitive  preamp  to  be  hybrid  integrated  with  the  APD  to  make  a very 
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low-noise,  gigabit  data  rate  receiver  for  1.06u  laser  coninuni cations . 

This  work  has  necessitated  a number  of  corollary  efforts  including 
the  development  of  special  analytical  tools  such  as  a scanning  laser 
microscope  for  the  avalanche  photodiode  development,  an  analysis  of 
the  laser  communication  detection  problem  with  special  attention  to 
the  preamp  noise-limited  case,  and  the  development  of  detailed  signal 
and  noise  models  for  the  integrated  GAASFET  preamps,  along  with  special 
measurement  techniques  using  a Tektronix  Digital  Processing  Oscillo- 
scope for  experimentally  determing  the  parameters  of  these  models. 

Many  different  analytical  techniques  are  used  in  the  GaAs,  Sb 

I **  A A 

APD  development  work,  varying  all  the  way  from  specialized  applications 
of  the  scanning  electron  microscope  in  microscopic  compositional 
analysis  of  III-V  alloy  epitaxial  layers  to  the  use  of  our  scanning 
laser  microscope  for  studying  the  UHF  avalanche  gain  unifoniiity  of 
completed  detectors.  Some  of  these  analytical  techniques  are  described 
in  detail  in  Section  3,  but  most  are  only  briefly  mentioned  with 
references  to  more  complete  descriptions  (Section  3.3.1).  Because  the 
Digital  Processing  Oscilloscope  represents  a new  tool  for  electronic 
measurements,  the  application  of  which  will  not  be  familiar  to  most 
readers,  this  system  is  described  in  Section  3.3.7  and  the  methods  of 
applying  this  system  to  tlie  particular  preamp  measurement  problems 
incurred  in  this  work  are  discussed  in  Section  3.3.8.  Appendix  A 
contains  the  computer  programs  developed  for  the  DPO  to  do  everything 
from  the  measurement  of  noise  histograms  on  preamps  in  order  to  be 
able  to  accurately  predict  their  low  bit  error  rate  performance,  to 
calculating  preamp  performance  from  circuit  models.  Also  described  in 
Section  3 are  techniques  for  doing  absolute  noise  measurements  with 
Tektronix  7L13  spectrum  analyzer.  It  should  be  conniented  that  the  rapid 
progress  made  in  the  integrated  GAASFET  preamp  development  (as  seen  in 
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Table  5.1  for  example)  is  a consequence  of  the  application  of  such  sophisti- 
cated analytical  tools  as  the  DPO  to  gain  an  understanding  of  the  problems 
encountered  at  each  stage  of  the  work  in  order  to  overcome  them. 

To  develop  an  optical  receiver  optimized  for  a specific  system 
application,  it  is  first  necessary  to  understand  in  detail  the  system  so 
that  the  appropriate  parameters  are  optimized.  In  Section  2.1,  the 
detection  process  in  an  optical  communications  system  based  on  on-off 
modulation  of  short  modelocked  laser  pulses  is  analyzed.  Special  consideration 
here  is  given  to  the  case  where  the  preamplifier  noise  is  dominant,  as 
applies  for  low  avalanche  gains  in  these  APD  receivers.  As  is  shown  in 
Section  2.1.3,  in  preamp-noise-limited  detections,  the  difference  in  the 
number  of  photons  per  bit  between  a "1"  and  a "0"  required  for  optical 
communications  at  a given  bit  error  rate  (BER)  is  proportional  to  a factor 
depending  on  the  BER  (given  in  Table  2.1),  inversely  proportional  to  the 
quantum  efficiency-gain  product  of  the  APD,  and  proportional  to  the  "minimum 
detectable  current  pulse",  for  the  preamp.  This  N^,  which  is  the  number 
of  electrons  in  a current  impulse  into  the  preamp  required  to  give  an 
output  pulse  with  a peak  height  equal  to  the  rms  output  noise,  is  the  key 
parameter  to  be  optimized  in  the  integrated  GAASFET  preamp.  (Techniques 
for  measuring  directly  are  described  in  Section  3.3.10.)  In  the  general 
case  of  both  preamp  and  APD  noise  (appropriate  for  higher  avalanche  gains), 
discussed  in  Section  2.1.4  through  2.1.6,  it  is  shown  that  as  gain  is 
increased,  the  most  important  parameters  of  the  APD  are  quantum  efficiency, 
quantum  efficiency-gain  product,  dark  leakage  current  and  excess  multiplica- 
tion noise  factor,  in  more  or  less  that  order.  In  general,  the  most 
sensitive  receiver  will  be  the  one  with  the  highest  quantum  efficiency  and 
the  lowest  preamp  noise  (N„),  using  just  sufficient  avalanche  gain  to  raise 
the  signal  shot  noise  above  the  preamp  (and  the  lower  are  the  APD  dark 
current  and  excess  noise  factors,  the  closer  will  be  the  results  to  those 
of  an  ideal  receiver). 
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The  design  approach  for  attaining  a high  quantum  efficiency  1.06p 
avalanche  photodiode  are  discussed  in  Section  2.2.  The  inverted  homo-hetero- 
junction design  brings  the  light  directly  into  the  depletion  region  through 
transparent  GaAs  substrate  and  GaAs,  Sb  buffer  layers,  giving  high 

I ““  A A 

quantum  efficiency,  while  the  peak-field,  high  gain  portion  of  the  depletion 
region  is  at  a p-n  homojunction  formed  in  uninterrupted  liquid  epitaxial 
growth  by  dropping  a small  amount  of  p-type  dopant  into  the  n"  active  layer 
growth  melt.  Keeping  the  gain  region  away  from  either  a heterojunction  or 
epitaxial  growth  interface  greatly  reduces  problems  due  to  defect-produced 
microplasmas  limiting  gain.  The  results  obtained  with  these  GaAs,  Sb 

I "*  A A 

homo-heterojunction  APD's  are  discussed  in  Section  4.1.  The  "K-9"  growth 
devices  used  in  the  integrated  preamps  have  i?^  ^ 96%  and  for  a 

3-mil  diameter  device  have  a bulk  leakage  current  of  300  pA,  surface 
leakage  current  of  about  3nA  at  a 50  volt  bias  increasing  to  ~ 100  nA  near 
Vg  (~  120  volts),  a junction  capacitance  of  Cj  = 0.1  pf  and  a spectral 
response  width  of  about  lOOOA.  The  peak  high  frequency  avalanche  gains 
seen  with  these  devices  are  up  to  24  db  in  small  areas,  but  the  gains  are 
nonuniform  at  the  higher  gain  levels  with  only  a few  areas  exceeding  gains 
of  15  db  or  so.  The  average  gains  seen  in  normal  defocused  beam  operation 
are  typically  6-10  db.  The  principal  limitations  on  the  gains  achieved 
with  these  devices  are  fluctuations  in  the  active  layer  thickness  due  to 
surface  morphology  features  in  the  liquid  epitaxial  growth  and  to  the  fact 
that  the  wrong  complementary  device  type  was  used  (see  Section  2.2.2). 

The  fact  that  the  low-gain  carrier  was  being  used  to  provide  the  avalanche 
gain  greatly  exaggerates  the  gain  nonuniformities  which  arise  because  of  the 
fluctuations  in  the  depletion  region  thickness.  Future  work  will  be 
directed  toward  correcting  these  problems  and  attaining  more  uniform  gains. 

The  basic  approach  toward  developing  highly  charge-sensitive  (low  N^) 
gigabit  preamps  is  discussed  in  Section  2.3.  To  obtain  low  N^,  one  must 
reduce  the  input  capacitance  of  the  preamp  and  the  resistor  thermal 
(Johnson)  noise.  The  capacitance  reduction  is  made  possible  by  using  a 
GaAs  Schottky  barrier  field  effect  transistor  (GAASFET)  input.  For  example. 
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GAASFET  preamp  #8  has  an  input  capacitance  of  about  Cj^  ^ 0.28  pf  (plus 
Cj  = 0.1  pf  for  the  APD),  much  lower  than  could  be  obtained  with  a silicon 
bipolar  transistor  input.  The  low  Johnson  noise  is  obtained  by  going  to 
a negative  feedback  type  of  first  stage.  In  this  approach,  the  first  stage 
is  used  as  an  operational  amplifier  in  the  "transimpedance"  mode  with  the 
feedback  resistance,  R^,  connected  between  the  output  and  the  (inverting) 
input.  In  this  mode,  may  be  larger  than  a corresponding  load  resistance 
(to  give  the  same  bandwidth)  by  a factor  approximately  equal  to  the 
"op-amp"  gain.  Of  course,  for  stable  closed  loop  operation  at  frequencies 
approaching  a gigahertz  as  desired  here,  the  "op-amp"  must  have  very  low 
phase  shift.  The  "op-amp"  in  GAASFET  preamp  has  an  open-loop  gain  of 
about  20  with  a gain-bandwidth  product  of  about  5 GHz,  enabling  a closed- 
loop  receiver  f^^i^  of  620  MHz  with  a feedback  resistance  of  R^  = 5000fi. 

The  impulse  response  time  for  this  receiver,  shown  in  Fig.  1.1,  is  InS 
full  width  at  10%  maximum  and  the  peak  to  5%  fall  time  (665ps)  would  allow 
pulsed  data  reception  to  data  rates  on  the  order  of  l.b  GHz  before  the 
onset  of  serious  intersymbol  interference.  The  minimum  detectable  current 
pulse  for  this  preamp  is  = 347  electrons,  about  an  order  of  magnitude 
better  than  typical  50fi  silicon  bipolar  wideband  preamps  for  comparable 
pulsewidths.  The  characteristics  of  each  of  the  preamps  fabricated  in 
either  this  Air  Force  work  or  the  associated  NASA  contracts  are  described 
in  Sections  4.2  through  4.4  and  summarized  in  Table  5.1. 

The  conclusions  from  this  work  are  discussed  in  Section  5 and 
will  not  be  reiterated  here.  We  have  at  the  present  the  most  sensitive 
optical  receiver  for  detecting  short  1.06p  modelocked  laser  pulses  available. 
With  further  improvements  in  the  avalanche  gain  characteristics  in  the 
GaAs,  Sb  detectors,  we  could  achieve  sensitivities  perhaps  an  order  of 

I *“X  X 

magnitude  better  than  what  we  have  now  - a very  exciting  prospect  indeed, 
both  for  the  Air  Force  4058  laser  communications  systan,  and  for  other 
systems  applications  of  1.06n  receivers. 
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2.0  SYSTEM  REQUIREMENTS  AND  DESIGN  APPROACH  FOR  THE  GIGABIT  RECEIVER 

The  purpose  of  this  work  is  to  develope  a gigabit  bandwidth  1.06y  opti- 
cal receiver  suitable  for  use  as  the  data  receiver  ir  the  Air  Force  405B  gigabit 
data  rate  satellite  optical  communications  system  based  on  a modelocked  Nd-YAG 
laser.  Because  these  systems  require,  along  with  very  high  speed,  exceptionally 
high  receiver  sensitivity  (because  of  the  low  signal  levels  available  over  the 
long  path  lengths),  the  use  of  conventional  low  quantum  efficiency  1.06u 
detectors  is  precluded.  The  approach  adopted  for  this  solid  state  receiver 
is  to  combine  a near-unity  quantum  efficiency  1.06u  photodiode  of  very 
low  capacitance  (for  high  charge  pulse  sensitivity)  with  a very  low  current 
noise,  high  charge  sensitivity  wideband  preamp,  with  sufficient  avalanche 
gain  in  the  photodiode  to  attain  the  required  performance.  Since  the 
performance  requirements  on  the  avalanche  photodiode  (APD)  and  preamp 
are  dictated  by  the  optical  communication  system  application,  it  is 
relevant  to  begin  with  an  analysis  of  the  detector  requirements  in  an 
optical  communications  system  based  on  a modelocked  laser. 

2 . 1 Analysis  of  Detector  Requirements  in  a Modelocked  Laser  Comniuni cations 

System 

2.1.1  Optical  Pulse  Detection  in  the  Poisson  Limit 

Consider  an  optical  communications  system  effectively  consisting 
of  a modelocked  laser  putting  out  short  light  pulses  (of  width  aT)  at  a 
repetition  frequency  (data  rate)  R or  period  (bit  time)  T = 1/R  (where 
T»aT),  followed  by  an  optical  modulator  synchronized  to  the  modelocked 
pulse  stream.  For  our  purposes,  let  us  consider  sirnple  pulse-gate  binary 
modulated  (PGBM)  operation  in  which  pulses  are  either  passed  or  "deleted," 
rather  than  the  more  complex  PQM  operation  in  which  the  "zero's"  are  not 
discarded,  since  the  reduction  of  signal  level  by  going  to  PQM  from 
PGBM  will  be  essentially  the  same  for  all  detectors.  The  modelocked 
laser-modulator  is  followed  by  transmitting  optics  and  a long  path  length 
to  the  receiving  optics.  While  the  number  of  transmitted  photons  per 
bit  for  each  "1"  (where  a "1"  is  taken  as  a pulse  passing  with  minimum 
attenuation  through  the  modulator  and  a "0"  is  with  maximum  attenuation) 
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is  relatively  constant,  the  fact  that  over  the  long  path  lengths  considered 
only  a tiny  fraction  of  the  transmitted  photons  are  collected  by  the 
receiver  optics  makes  the  received  photon  flux  statistical  in  nature. 

(Both  the  optical  absorption  processes  in  media  and  the  optics  diffraction 
losses  are  statistically  random  processes,  making  the  received  signal 
pulses  random  when  the  received  level  is  much  less  than  the  transmitted 
level . ) 

This  statistically  random  nature  of  the  received  signal  itself 
sets  a limit  to  the  performance  which  can  be  attained  in  an  optical 
communications  system.  In  concept,  the  very  best  performance  that  a 
receiver  could  attain  would  be  to  count  all  the  photons  arriving  from  the 
transmitter  through  to  the  receiver  optics  during  each  "bit  time." 

(We  assume  throughout  that  the  clock  has  been  accurately  extracted  from 
the  received  data  stream  so  that  the  bit  interval  is  precisely  known.) 

The  statistically  random  nature  of  the  received  photons  means  that,  for 
example,  if  when  the  transmitter  is  sending  a "1"  we  receive  an  average 
number  of  photons  n^  each  bit  time,  then  the  probability  for  measuring 
n photons  (n  is  of  course  a positive  integer)  in  a bit  time  is  given 
by  the  Poisson  distribution  as 

-rT,  _ n 
e n, 

“ --ST- 


An  example  of  the  application  of  Eq.  2.1  to  ideal  photon  counting 
detection  is  shown  in  Fig.  2.1.  Here  we  consider  the  case  when  an  average 
of  n.|  = 50  photons/bit  is  received  on  a transmitted  "1"  and  10%  of  this 
or  n^  = 5 photons/bit  is  received  on  a transmitted  zero  (either  because 
of  limite  modulator  extinction,  background  light  or  a combination  of 
both).  The  probability  distributions  P-|(n)  for  n^i  = 50  and  Pq(o)  for  “ 5 
are  shown  in  Fig.  2.1  by  circles  and  x's  respectively  (the  lines  connecting 
the  points  in  some  areas  are  for  visualization  purposes  only;  the  Poisson 
distributions  are  defined  only  at  integral  values  of  n).  Optimum  communica- 
tion is  achieved  by  putting  the  "decision  level"  near  the  crossover  points 
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of  the  probability  distributions.  In  Fig.  2.1  for  example,  if  we  guess 
that  any  time  we  count  20  or  more  photons,  then  a "1"  was  transmitted 
and  any  time  we  count  19  or  fewer  photons  a "0"  was  transmitted,  we  will 
minimize  the  percentage  of  time  our  guess  is  wrong  (the  bit  error  rate). 
Assuming  equal  numbers  of  "I's"  and  "O's"  are  transmitted,  then  the  bit 
error  rate  (B.E.R.)  will  be  given  b^ 


B.E.R.  = h [P.E.  (1)  + P.E.  (0)] 


(2.2) 


or 


B.E.R. 


19 

2 

n=0 


Pi(n)  + 2 P (n) 
n=20  ° 


(2.3) 


In  Fig.  2.1,  P.E.  (1)  = 4.79x10"^  and  P.E.  (0)  = 3.45xl0"^  so  B.E.R. =4. 12x10 
for  this  n^  = 50,  Oq  = 5 case  (S  = nQ/n.j  = 0.1).  If  we  reduce  the  signal 
level  slightly,  the  B.E.R.  will  increase;  for  example,  for  n,  = 46.95 
photons/bit,  S = 0.1  we  have  B.E.R.  = 10’°  (i.e.,  one  error  in  one  million 
received  bits). 

In  fact,  there  is  no  such  perfect  "photon  counter"  detector 
which  will  give  the  performance  described  above.  An  electron  multiplier, 
however,  can  in  principal  come  quite  close  to  achieving  photo-electron 
counting.  Hence  in  a photomultiplier  with  a cathode  of  quantum  efficiency 
T?  electrons/photon,  it  should  be  possible  to  receive  S = o.l  data  with 
n^^  = 47  photoelectrons/bit  or  n-j  = = 47/t?  photons/bit.  (Unfortunately, 

"real  life"  photomultipliers  often  do  not  achieve  this  because  of  other 
extraneous  noise  sources).  Other  detector  approaches  such  as  the  avalanche 
photodiode  receiver  depart  even  further  from  this  simple  Poisson  statistics- 
photon  (or  photoelectron)  counting  model.  Here  the  preamplifier  noise 
(Johnson  noise),  dark  current  shot  noise,  and  excess  avalanche  gain  noise 
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on  the  signal  and  dark  currents  must  be  considered  over  and  above  the 
counting  statistics  noise  (shot  noise)  of  the  signal  itself.  While  APD 
receivers  do  indeed  have  extra  noise  sources,  it  should  be  noted  that 
their  high  quantum  efficiencies  can  make  it  possible  for  the  APD  receiver 
to  go  to  lower  signal  levels  for  the  same  B.E.R.  than  a low  quantum 
efficiency  "ideal"  photomultiplier.  To  demonstrate  this  we  must  redo  the 
simple  Poisson  statistics  analysis  including  preamplifier  noise-which 
means  treating  the  Gaussian  statistics  case. 

2.1.2  Detection  of  Modelocked  Laser  Pulses  with  an  Avalanche  Photodiode 

Receiver 

In  an  avalanche  photodiode  receiver,  there  exist  both  signal- 
independent  noise  sources  such  as  the  preamplifier  noise  and  signal- 
dependent  noise  (i.e.,  the  multiplied  shot  noise  on  the  received  signal). 

In  general  we  can  treat  this  mixed  noise  case  by  using  Gaussian  statistics 
which  describe  the  preamp  noise  exactly  and  even  give  quite  a good 
approximation  to  the  signal  level  results  for  the  purely  shot-noise-limited 
case  treated  in  Section  2.1.1  using  Poisson  statistics.  When  signal- 
independent  noise  sources  are  present  (such  as  preamp  Johnson  noise  or 
shot  noise  on  leakage  current  or  background  light  flux),  the  width  of 
the  received  modelocked  laser  pulses  and  the  bandwidth  or  impulse  response 
of  the  receiver  oecome  very  important.  In  the  following  analysis,  we 
first  describe  the  general  pulse  detection  process  in  the  presence  of 
certain  levels  of  Gaussian  noise  on  a transmitted  "1"  and  a transmitted 
"o".  We  then  ^^rsider  the  limit  of  signal-independent  noise  only  (preamp 
noise  dominan  ..‘fore  going  on  to  the  general  case  of  both  signal 
dependent  and  signal  independent  noise. 

Let  us  specifically  consider  the  case  in  which  the  optical 
communications  data  is  transmitted  as  a binary  modulation  of  modelocked 
laser  pulses-  where  the  pulse  width,  AT,  is  much  less  than  the  repetition 
period,  T (T  = 1/R,  where  R is  the  data  rate).  We  wish  to  calculate  the 
number  of  photons  per  bit,  Np^^,  required  to  transmit  data  at  some 
specified  bit  error  rate  (B.E.R.)  where  Np^  photons  are  on  the  average 
received  at  the  detector  during  a transmitted  "1",  and  SNpj^  (where  S<1) 
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is  the  mean  number  of  photons  received  for  a transmitted  "0"  (if  we 
ignore  any  background  light,  S is  the  modulator  "zero  feedthru"  or 
reciprocal  of  the  modulator  extinction  ration  [E.R.]).  For  purposes  of 
our  discussion  the  system  is  specified  by  S,  aT  and  B.E.R.,  and  the 
detector  performance  is  to  be  evaluated  on  the  signal  level,  Np^^,  required 
to  give  that  bit  error  rate  (B.E.R.). 

Figure  2.2.  is  a generalized  description  of  the  avalanche  photo- 
diode receiver  portion  of  the  system.  Here  the  avalanche  photodiode  is 
indicated  by  a current  source,  ip(t),  in  parallel  with  some  shunt  conduc- 
tance, Gji^  s typically  a small  capacitance).  For  short  transit 

times  in  the  APD,  the  photocurrent,  i„(t),  will  be  a replica  of  the  light 

r 

pulse;  that  is 


ip(t)  = TjMIph  (for  T.|.p«AT). 


(2.4) 


Here,  v is  the  quantum  efficiency,  M the  avalanche  gain,  and  I . is  the 

-19 

"photon  current"  or  q (the  electronic  charge,  1.602x10  coul)  times 
the  number  of  photons  per  second.  Whether  or  not  this  "quasi  steady  state" 
condition  of  the  transit  time  being  much  less  than  the  pulsewidth  is 

satisfied,  the  integrated  charge  in  the  current  pulse,  Qp,  will  be  given  by 


fi 


p(t)dt  = (BHNpi, 


(2-6) 


where  Np^^  is  the  number  of  photons  per  bit  arriving  at  the  detector. 

For  our  purposes  only  two  characteristics  of  the  preamplifier 
are  of  import;  the  output  voltage  pulse  response  to  the  input  current 
pulse  ip(t)  and  the  output  voltage  noise.  Both  of  these  must  be  specified 
under  the  condition  where  the  input  is  shunted  by  the  APD  shunt  conductance, 
6j^.  In  general,  the  exact  current  pulseshape,  ip(t)  must  be  used  in 
determining  the  amplifier  response  V|^(t),  but  when  the  current  pulse  is 
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fiy.  ci.l  Schematic  of  avalanche  photodiode  receiver  defining  response  parameters 
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considerably  faster  than  the  amplifier  pulse  response,  as  shown  in 

Fig.  2.2,  V^(t)  becomes  essentially  the  6-function  current  pulse  response, 

with  V^(t)  proportional  to  the  charge  in  the  current  pulse,  Qp.  In 

general,  if  we  have  the  output  response  to  a current  impulse 

[ip(t)  = Qp'5(t-t^)j  , which  we  will  refer  to  as  V^(t),  then  we  can  obtain 

the  response  to  any  real  input  ‘',(t)  by  convolving  V.(t)  with  i (t).  For 

r ^ P 

acceptable  application  in  communications,  the  transient  response  V^(t) 
must  have  declined  to  some  very  small  fraction  of  the  peak  response  (Vp) 
within  one  bit  time  of  the  peak  response.  (To  the  extent  to  which  this  is 
not  satisfied,  succeeding  pulses  will  overlap,  causing  the  judgement  of 
whether  a received  bit  is  a "zero"  or  a "one"  to  be  influenced  by  whether 
the  preceding  pulse  was  a "zero"  or  a "one";  this  condition  degrades  the 
accuracy  of  the  decision  process,  making  it  necessary  to  increase  Np|^ 
in  order  to  achieve  a given  B.E.R.  in  much  the  same  way  as  the  modulator 
"zero  feedthru",  S,  increases  Npj^.  We  assume  here  that  VQ(Tp+T)/Vp<<S 
^no  "bit  tailing"  will  have  no  significant  effect.) 

Attaining  the  lowest  possible  error  rate  from  the  output  of 
this  optical  receiver  requires  using  an  extracted  clock  to  effectively 
sample  the  output  when  the  signal-to-noise  ratio  is  at  its  highest 
(i.e.,  at  time  Tp  in  Fig.  2.2.)  Hence,  the  critical  parameters  of  the 
preamplifier  are  the  peak  output  voltage  (Vp  in  Fig.  2.2),  and  the  rms 
output  voltage  noise,  v^^.  Since  Vp  is  proportional  to  Qp,  we  can 
express  this  as 


(V/Q)p 


V /Q  . 
P P 


(2.6) 


For  an  impulse  current  input  i (t)  = Q 6(t)  , this  quantity  will  be 

r r > 

referred  to  as  (V/Q)^.  In  general,  for  input  current  pulse  widths,  aT, 
short  with  respect  to  the  output  pulsewidth,  (V/Q)  ::  (V/Q),;  otherwise, 

p 6 

(V/Q)p  is  somewhat  less  than  (V/Q),  by  factor  detennined  by  convolving 
ip(t)  and  V^(t)  as  described  previously. 
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In  order  to  calculate  the  error  probability,  let  us  assume  the 
preamplifier  output  noise  is  Gaussian  with  a standard  deviation  equal 
to  the  rms  noise  voltage,  v^.  We  also  assume  we  have  an  ideal  sampler 
and  level  detector  (comparator)  following  the  preamplifier  such  that  if 
the  peak  output  voltage  at  the  sample  time  (Tp  in  Fig.  2.2)  exceeds  a 
threshold  level  V^,  then  the  received  bit  is  .ailed  a "1",  and  if 
Vo(Tp)  is  less  than  V^,  the  bit  is  identified  as  a "0".  The  probability 
of  error  on  a transmitted  "1"  is  just  the  probability  that  the  instan- 
taneous signal  plus  noise  when  the  sample  is  taken  will  be  below  Vq 
(where,  of  course,  is  between  the  mean  signal  for  a received  "1", 

Vp^  and  the  mean  signal  for  a received  "0",  Vp^).  In  analogy  to  Eqs. 

2.2  and  2.3  for  the  discrete  case,  this  can  be  expressed  in  terms  of  the 
integral  over  the  "tail"  of  the  Gaussian  probability  density,  P^(V), 
extending  beyond  Vp  as 


/“ 

P.E.(l)  = J P,(v)dV  = 


where  the  Q function  is  the  Gaussian  "tail" 


Q(x) 


integral 


(2.7) 


(2.8) 


which  may  be  obtained  in  standard  statistical  tables and  we  have  taken 
0 = Vni , the  total  output  noise  when  a "1"  is  received.  Similarly,  we 
have  the  error  probability  on  a zero  given  by 


P.E.(O)  = f Pj(V)dV  = Q (!°-l.!PP-)  (2.9) 

»D  \ "»  / 

If  we  nave  equal  numbers  of  transmitted  "O's"  and  "I's",  then  we 
can  very  nearly  optimize  the  decision  level  for  minimum  total  error 
rate  by  letting  P.E.(O)  - P.E.(l).  (This  equates  the  probability 
integrals;  for  exact  optimization  we  should  equate  the  probability 
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densities  , but  this  approximation  is  extremely  accurate  for  the  cases 
of  interest  here  and  leads  to  considerably  simpler  equations  for  the 
results.)  Equating  equations  2.7  and  2.9,  we  have 


Vl  - , 

''nl 


'PO 


or 


'nO 


^^0  = 


^nO^Pl  " '^nlVo 
''nl  " ^nO 


(2.10) 


Substituting  back  into  the  error  expressions,  we  have 


B.E.R. 


P.E.O) 


P.E.(O) 


Q 


/Vpi  - ^P0\ 

rm  " \o/ 


(2.11) 


The  expression  in  parenthesis  is  in  effect  a "signal  to  noise  ratio" 
and  will  be  designated  by 


S.T.N.  = 


^P1  ' ^PO 
''nl  " ''no 


and  in  terms  of  this,  the  bit  error  rate  is  given  by 


(2.12) 


B.E.R.  = Q(S.T.N.) 


(2.13) 


for  example,  for  S T.N.  = 4.75342,  the  error  rate  is  B.E.R.  = 10*^,  the 
nominal  bit  error  rate  specification  for  the  APD  receiver  under  this 
contract.  The  relationship  between  B.E.R.  and  S.T.N.  is  given  for  decade 

B.E.R.  values  in  Table  2-1  (taken  from  Ref.  3). 
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B.E.R. 

S.T.N. 

TABLE  2.1 

B.E.R. 

S.T.N. 

10-1 

1.28155 

10'5 

5.61200 

10“^ 

2.32635 

t 

o 

5.99781 

CO 

1 

o 

3.09023 

o 

1 

o 

6.36134 

1 

o 

3.71902 

10-” 

6.70602 

10-5 

4.26489 

10-12 

7.03448 

10-5 

4.75342 

10'15 

7.34880 

10"^ 

5.19934 

10"1^ 

7.65063 

Table  2.1 

Required  values 

of  "signal- 

to-noise  ratio" , 

Vni-V 

S.T.N.  = ^ 

of  received  bit 

pO  . 

^ to  give 
no 

error  rate. 

the  given  values 

Avalanche  Photodiode  Receiver  Performance  in  the  Preamp  Noise 
Limited  (Low  Avalanche  Gain)  Region 


Of  particular  interest  for  this  work  is  the  low  APD  gain  limit 
of  signal -independent  noise  which  leads  to  a simple  closed  form  solution 
for  the  required  signal  level  to  achieve  a specified  B.E.R.  and  identifies 
the  crucial  preamp  performance  parameter  for  modelocked  pulse  optical 
communication.  For  the  specific  case  of  preamplifer  noise  dominated 
operation  being  considered  here,  we  have  the  output  noise  independent  of 
the  input  signal  level,  i.e.,  v^-j  = v^q,  with  both  these  just  equal  to 
the  preamplifier  rms  output  noise  voltage  which  we  have  previously  referred 
tc  as  v^p  (i.e.,  v^^  = v^q  = v^^).  Also,  we  assume  that  since  Npj^(O)  = 
where  is  the  mean  number  of  photons  received  at  the  detector  for  a 

transmitted  "1"  and  S is  the  modulator  "zero  feedthru"  (typically  S is  of 
the  order  of  0.1),  from  Eq.  2.5  we  liave  Qp(0)  = SQp(l)  and  hence  from 
Eq.  2.6,  Vp(0)  = SVp(l)  = SVp.  Rewriting  Eq.  2.12  for  this  case  we  have 
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P 

S.T.N.  = 


Vn  (1-S) 


2 V 


no 


«'»'•  ’'nrW''no' 


Vp(0)=SVp; 


(2.14) 


If  we  specify  the  value  of  S.T.N.  to  be  the  minimum  acceptable  to  give 
the  desired  B.E.R. , then  Eq.  2.14  can  be  used  to  determine  the  minimum 
acceptable  mean  output  pulse  height  for  a received  "1",  Vp,  as 


2 vJS.T.N.) 
1-S 


(2.15) 


Substituting  Eq.  2.6  gives  the  expression  for  the  minimum  acceptable  mean 
charge  in  the  photocurrent  pulse  for  a received  "1",  Qp  as 


2VJS.T.H.) 
■ (V/Q),  (1-S) 


(2.16) 


where  (V/Q)p  is  the  preamplifier  current  pulse  peak  response  parameter 
(Fig.  2.2  and  Eq.  2.6).  Using  Eq.  2.5,  we  obtain  the  key  system  performance 
parameter  Npj^,  the  minimum  (average)  number  of  photons/bit  arriving  at 
the  detector  to  obtain  the  desired  bit  error  rate,  as 


2VJST.N.) 
%h  “ qr?M(V/Q)p  (1-S) 


(2.17) 


It  is  instructive  to  rearrange  Eq.  2.17  in  terms  of  the 
system,  avalanche  photodiode,  and  preamplifier  parameters  as 


N 


SYSTEM  APO  PREAMP 


(2.18) 
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Here  the  system  is  characterized  by  the  modulator  "zero  feedthru"  S and  the 
required  "signal-to-noise  ratio",  S.T.N.  (where  Q(S.T.N.)  = B.E.R.  as  given 
in  Table  2.1);  the  avalanche  photodiode  is  characterized  by  its  quantum 
efficiency-gain  product,  t?M;  and  the  preamp  is  characterized  by  its  peak 
current  pulse  response,  (V/Q)p  (see  Eq.  2.6)  and  its  rms  output  noise,  v^^. 
The  preamp  which  we  shall  call  the  "minimum  detectable  current  pulse"  of 
the  preamp,  N^,  where  is  given  by 


(electrons) . 


(2.19) 


N is  just  the  number  of  electrons  in  the  current  pulse  (Fig.  2.2)  required 

to  produce  an  output  voltage  pulse  of  peak  amplitude  (V  ) equal  to  the  rms 

.|.  P 

output  noise  voltage  . Expressing  the  preamp  response  in  terms  of  N^, 

Eq.  2.18  factors  into  three  convenient  dimensionless  quantities  (actually, 

the  units  of  for  the  preamp  is  electrons  and  the  units  of  tjM  for  the 

APD  is  electrons  per  photon  giving  the  units  of  as  photons): 


SYSTEM  APD 


N (2.20) 

0 

PREAMP 


Actually  the  term  Nq  in  Eqs.  2.19  and  2.20  might  better  be  referred  to  as 
Ngp  since  it  in  general  depends  upon  the  input  pulse  shape,  reserving 
the  term  Nq  for  the  6-function  response  case;  Nq  = Vno/0(V/Q)5.  However, 
for  most  of  the  cases  of  intercot  the  light  pulse  is  considerably  shorter 
than  the  response  pulse  so  (V/Q)p  ~ (V/Q)^^  and  with  the  light  pulse  as 
described  previously. 
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We  see  from  Eq.  2.20  that  in  this  low  APD  gain  (low  M)  limit 
of  operation  in  which  the  preamplifier  noise  is  dominant,  the  required 
signal  level  is  dependent  on  the  system  parameters  of  bit  error  rate  and 
(weakly)  the  modulator  extinction  ratio  (through  S.T.N.  and  S),  the 
quantum  efficiency-gain  product  of  the  APD,  tjM,  and  the  minimum  detectable 
current  pulse  of  the  preamp,  N^.  Our  approach  to  obtaining  a high  sensi- 
tivity avalanche  photodiode  optical  receiver  is  to  combine  an  APD  of 
sufficient  t?M  product  with  a preamp  of  very  low  (high  charge-pulse 
sensitivity)  in  order  to  obtain  a high  photon  pulse  sensitivity.  This 
charge  pulse  sensitivity  figure  of  merit  for  the  preamp,  can  be 
directly  measured  for  a given  discrete  or  hybrid  preamp  by  using  the 
methods  described  in  sections  3.3.8  through  3.3.11  of  this  report. 

2.1.4  High  Avalanche  Gain  Performance  of  the  APD  Receiver 

The  general  signal -dependent  noise  case  (including  both  multi- 
plied shot  noise  and  preamp  noise)  cannot  be  solved  in  closed  form  for 
the  required  number  of  photons/bit  as  in  Eq.  2.20,  but  it  can  rather 
easily  be  iteratively  solved  on  a digital  computer  for  given  parameter 
values.  Recalling  that  the  Gaussian  noise  analysis  of  Eqs.  2.4  through 
2.13  apply  to  the  general  case  of  signal  dependent  noise,  i.e.,  V^-]>V^q 
(as  opposed  to  Eqs.  2.14  through  2.20  which  apply  only  to  = V^.|  = V^q)> 
what  is  required  is  to  find  the  value  of  signal  level  which  will  solve 
Eq.  2.12  for  the  given  parameter  values.  Writing  Eq.  2.12  in  terms  of 

t 

equivalent  input  currents  instead  of  output  voltages  will  make  the  various 
signal  ana  noise  terms  clearer  and  more  familiar.  In  terms  of  equivalent 
input  currents  to  the  preamp,  we  must  raise  the  signal  level  into  the 
preamp  sufficiently  so  that  we  have  an  adequate  value  of  "signal  to  noise 


*1* 

In  general  there  will  be  some  overall  transimpedance  for  the  preamplifer, 
(V/I),  which  will  relate  steady  state  output  voltages  to  the  input  currents; 

V = ''pi  ' 'r  -'t'- 
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ratio",  S.T.N.  to  give  the  required  bit  error  rate  (Eq.  2.13  and  Table  2.1), 
where  S.T.N.  is  given  by 


S.T.N. 


- ‘o 

^nO^^nl 


(2.21) 


Here  I-j  and  Iq  are  the  peak  equivalent  input  currents  from  the  APD  into 
the  preamp  for  a received  "1"  and  "0"  respectively,  while  i^Q  and  i^.j 
are  the  equivalent  input  noise  currents  during  received  "O's"  and  "I's". 
If  Npi^  photons/bit  are  received  on  a transmitted  "1"  and  the  output 
pulsewidth  is  aT^  in  Fig.  2.2,  then  the  equivalent  average  input  "photon 
current"  over  the  pulse,  Ip^  will  be 


q N 


ph 


AT. 


(2.22) 


or  the  average  signal  current  from  the  APD  will  be  (Eq.  2.4) 

‘WNUph 

’ ■ ‘^0 


(2.23) 


for  a transmitted  "1",  while  Iq  = SI.j  (where  S is  the  modulator  "zero 
feedthru".  The  total  equivalent  input  noise  current  for  the  preamp, 
including  both  multiplied  shot  noise  and  preamp  noise  will  be  given  for 
a transmitted  "1"  by 


(2.34, 

(i^^  is  the  same  except  for  replacing  Npj^  by  SNpj^).  The  right  hand  term 
in  Eq.  2.24  is  just  the  preamplifier  noise  contribution  (squared),  written 


SC571.16TRF 


in  the  form  of  the  Johnson  noise  on  a load  or  feedback  resistance  R. 

(4kT  = 1.62904x10  J at  295°K)  times  a noise  factor  accounting  for  the 

excess  noise  of  the  preamp  over  and  above  the  Johnson  noise  (NF  = 10 

(Noise  Figure  in  db)/10).  The  lefthand  term  is  the  multiplied  shot  noise 

on  the  photocurrent  plus  bulk  leakage  current  term  in  parenthesis.  Here 

the  quantity  is  the  excess  avalanche  gain  noise  term  for  the  APD,  a 

factor  which  depends  on  the  APD  device  structure  and  the  relative  ionization 

coefficient  between  holes  and  electrons  (a  and  a ).  If  x = 0,  the 

n p n 

signal-to-noise  ratio  (ratio  of  I,|  to  i^^  in  2.23  and  2.24)  would  be 

independent  of  M in  the  shot  noise  limited  region  where  the  preamp  term 

in  2.24  is  negligible;  the  magnitude  of  x^  is  a measure  of  what  the  use 

of  avalanche  gain  is  "costing"  in  terms  of  enhanced  shot  noise,  (x^  is 

about  0.3  for  well-designed  silicon  APD's  where  a >ap  and  x ~ 1 for 

n n 

germanium  APD's.)  Ig  in  Eq.  2.24  is  the  bulk  or  multiplied  leakage; 

surface  or  unmultiplied  leakage  in  the  APD  produces  little  noise  since  it 

2+x 

is  not  multiplied  by  M as  are  Ig  and  the  photocurrent. 

The  only  term  in  Eq.  2.24  which  is  "not  obvious"  is  what  to 
take  as  the  noise  measuremei;c  bandwidth,  aF.  We  know,  of  course,  that  it 
will  be  reciprocally  related  to  the  output  pulsewidth,  aT^,  but  it  is 
important  to  have  the  correct  proportionality  constant  or  the  magnitude 
of  the  shot  noise  will  come  out  wrong.  We  can  simply  obtain  the  correct 
relationship  between  aF  and  aT^  by  considering  an  ideal  photodiode 
(t?  = 1 , M = 1 , Ig  = 0 and  no  preamp  noise)  detecting  a "square"  pulse 
of  Npy^  photons  of  width  aT^.  From  Eq.  2.23  and  2.24,  we  have  as  the 
"signal-to-noise  ratio". 
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We  can  obtain  the  correct  value  for  S/N  by  applying  Gaussian  statistics 
to  the  photon  counting  process,  itself.  For  example,  in  Fig.  2.1,  the 
W-|  = 50  Poisson  distribution  curve  is  quite  accurately  approximated  by 
a Gaussian  distribution  with  a standard  deviation  (rms  noise)  of 
®1  " electrons  (a  consequence  of  the  general  theorem  that  the 

variance  is  given  as  the  square  root  of  the  mean).  Hence,  we  have  the 
correct  shot  noise  limited  signal  to  rms  noise  ratio  for  counting 
photons  as 


S/N 


= = 


ph 


(2.26) 


Equating  S/N  expressions  in  Eqs.  2.25  and  2.26  allows  us  to  solve  for  aF: 


af 


1 


(2.27) 


as  the  correct  relationship  between  the  noise  bandwidth  in  Eq.  2.24  and 
the  output  pulsewidth,  aT^  to  give  the  correct  shot  noise  limit. 

The  procedure  for  obtaining  the  required  signal  level  for  PGBM 
optical  communication  with  a given  bit  error  rate  (S.T.N.  value  from 
Table  2.1)  is  to  pick  a value  for  Npj^,  calculate  I.|,  Iq,  i^.|  and  i^^  using 
the  Np^  value  in  Eqs.  2.23  and  2.24  along  with  the  other  reciever  parameters 
and  solving  for  S.T.N.  in  Eq.  2.21.  If  the  trial  S.T.N.  is  less  than  the 


t That  this  is  a reasonable  result  can  be  noted  by  considering  a pulse  of 
the  form  of  one  cycle  (0  to  2ti)  of  V(t)  = 1-cos  2nAFt.  The  507;  points 
of  the  pulse  would  be  at  t = iMaF  and  t = 3/4aF,  or  aTo  = 1/2aF  as  in 
Eq.  2.27. 
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required  S.T.N,  for  the  specified  B.E.R.,  the  value  is  increased  and 
the  process  repeated  to  obtain  the  minimum  Npj^  which  will  give  the  required 
S.T.N.  value.  A listing  is  given  in  Appendix  A.l  for  a computer  program 
written  in  the  APL  language  to  carry  out  this  iterative  solution  for  Npj^. 

The  iterative  process  converges  rapdily  and  takes  little  computer  time. 

The  paramter  identification  in  the  program  is  the  same  as  that  used  above 
except  that  for  the  quantity  "R"  in  the  program,  use  1/aT^  and  ignore  the 
identification  of  R as  the  data  rate  (the  program  was  originally  written 
for  the  special  case  of  non-pul sed  data  transmission  where  VaT^  -■  R). 
Actually,  the  definition  of  aT^  from  Fig.  2.2  is  not  precise,  ana  the 
best  way  to  insure  that  the  preamp  noise  contribution  Is  accurately 
accounted  for  is  to  use  Eq.  2.20  to  determine  the  value  of  Np^  for  M = 1, 
then  run  the  computer  program  with  M = 1 and  adjusting  I/aT^  ("R"  in  the 
program  listing)  to  give  exact  agreement  with  the  result  from  Eq.  2.20. 

If  the  correct  value  of  current  noise  spectral  density  for  the  preamp  has 
been  taken  ([NF]  4kT/Rj^)  then  the  value  of  T^  should  be  close  t.s  the 
half  width  of  the  output  pulse.  A check  on  this  preamp  noise  term  i„ 
that  the  total  preamp  equivalent  input  noise  should  be  i^p  = [NF]2kT/AT^R^^. 
This  correctly  adjusted  1/aT^  (or  "R")  value  not  only  determines  the  correct 
preamp  noise  limit,  but  also  determines  the  influence  of  the  detector 
leakage  (or  background  photocurrent),  Ig.  Further  details  on  this 
calculation  including  the  effects  of  some  of  the  major  parameters  are 
shown  in  Appendix  I of  Ref.  2. 

2.1.5  Comparison  of  Various  Receiver  Approaches  for  Gigabit  Nd-YA6 

Laser  Communication 

The  results  of  a calculation  of  the  required  signal  level, 

Nph  (photons/bit)  for  lO”  bit  error  rate  modelocked  laser  PGBM  communica- 
tion system  as  is  shown  in  Fig.  2.3  a function  of  the  internal  detector 
gain,  M,  for  several  l.OBu  receiver  approaches.  The  "ideal  photomultiplier" 
curves  in  Fig.  2.3  at  high  M values  approach  the  photon  counting  limit 
of  Npj^  = 47/j?  photons/bit  described  in  connection  with  Eq.  2.3  (and  Fig.  2.1) 
and  hence  in  Fig.  2.3  a selected  S-1  photocathode  PMT  with  t?.|  = 0.1% 
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Fiq.  2.3  Comparison  of  the  calculated  performance  of  various  1.06  detectors 
as  400  Mb/s  PGBM  modelocked  laser  communications  receivers.  Plotted 
is  the  number  of  photons  per  bit  required  for  10‘°  bit  error  rale 
data  reception  as  a function  of  internal  detector  gain.  No=175 
electrons  assumed  for  lowest  curve  GAASFET  preamp  as  a goal;  best 
performance  achieved  to  date  is  Nq=347  electrons  for  preamp 
the  curve  for  which  would  lie  a factor  of  2 above  this  for  low  M. 


31 


SC571.16TRF 


could  reach  Npj^  = 47,000  photons/bit,  while  a III-V  alloy  cathode  with 
Hi  Qg^  = 12  should  be  able  to  reach  4700  photons/bit.  (In  fact  actual  PMT  tubes 
often  don't  do  this  well  because  of  extraneous  noise  sources,  but  in  principal 
they  should  be  able  to  achieve  this  performance  Compared  with  these  PM 
tube  approaches  in  Fig,  2.3  are  two  avalanche  photodiode  receivers,  one 
using  a conventional  silicon  bipolar  transistor  preamp  (N^  ~ 2250  electrons 
assumed)  and  the  other  using  a much  more  charge-sensitive  GAASFET  feedback 
mode  preamp  (N^  = 175  electrons  assumed  as  a possibly  attainable  value; 
we  have  to  date  achieved  twice  this).  We  have  taken  Qg^  = 95%  and 
Ig  = IGnA  as  representative  of  our  GaAs-|_^Sb^  APD's  (actually  our  devices 
are  usually  better  than  this)  and  we  assume  an  value  of  0.25.  We  see 
in  Fig.  2.3  that  the  high  Johnson  noise  50R  preamp  would  require  large 
amounts  of  avalanche  gain  (M>25)  to  achieve  Np^  <1000  photons/bit  operation. 
With  a very  charge-sensitive  preamp,  however,  gains  of  only  M>2  would  be 
sufficient  to  aciiieve  this  performance.  The  optimum  gain  for  the  latter 
case  (which  depends  strongly  on  the  and  Ig  values  assumed)  is  lower 
^^opt  ~ ultimate  performance  considerably  betU;r  than  could 

ever  be  attained  with  a 50q  preamp  even  if  the  M^p^  ~ 300  gain  values 
required  could  be  attained.  It  is  for  this  reason  that  our  gigabit  l.OGu  receiv 
er  effort  is  directed  both  toward  attaining  a high  quantum  efficiency  APD  with 
reasonably  high  gain  and  toward  developing  an  extremely  charge  sensitive 
wideband  preamp  for  the  APD. 

2.1.6  Influence  of  Modulator  Extinction  Ratio  on  Communication  Performance 

with  Different  Receiver  Approaches 

From  discussions  with  various  people,  it  appears  that  there  is 
a widespread  misunde*'standing  regarding  the  significance  of  modulator 
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extinction  ratio  on  1.06u  laser  communications.  The  point  of  confusion 
centers  on  the  reasoning  that  1)  we  know  that  in  the  0.53u  approach 
it  is  essential  to  have  a high  modulator  extinction  ratio  for  acceptable 
system  performance  and  2)  we  know  that  in  current  technology  the 
performance  of  1.06ii  modulators  is  not  as  good  as  at  0.53u  making  such 
high  extinction  ratios  unattainable  at  present;  hence  3)  we  must  conclude 
that  tne  1.06u  approach  to  laser  communications  is  impractical  even  if 
a satisfactory  high  quantum  efficiency  avalanche  photodiode  receiver  is 
available.  This  reasoning  is  in  gross  error  and  the  conclusion  totally 
invalid. 

The  source  of  the  confusion  stems  from  drawing  an  invalid 
analogy  between  the  0.53u  (frequency  doubled  transmitter-photomulti- 
plier detector)  approach,  which  represents  an  almost  ideal  shot  noise 
limited  system,  and  the  1.06u  (direct  laser-avalanche  photodiode 
receiver)  approach  which  is  typically  a preamp  (Johnson)  noise  limited 
system  in  which  high  sensitivity  is  attained  by  virtue  of  the  high 
detector  quantum  efficiency.  In  a shot  noise  limited  system,  Eqs.  2.12 
or  2.21  can  be  rewritten  in  terms  of  the  mean  number  of  photoelectrons 
in  a detected  modelocked  laser  pulse,  n,  in  the  Gaussian  approximation  as 


1 ' ^0  ^ IVJ’o 
1 '’O  \T^  i 


(2.28) 


L'sing  n^  = S n^ , where  S is  the  "modulator  zero  feedthru"  or  reciprocal 
of  the  extinction  ration,  and  calling  = n^  we  have 


S.T.N. 


( 1 - $ ) 
1 


(2.29 


or,  the  required  signol  level  for  a given  S.T.N.  (as  obtained  from  B.E.R. 
from  Table  2.1)  will  be 
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N 


ph 


(S.T.N.)' 


2 /I  + 

1 - S 


(2.30) 


Equation  2.30  is,  of  course,  only  an  approximation  since  Gaussian 
statistics  have  been  assumed  rather  than  the  correct  discrete  Poisson 
statistics  'jppropriate  for  the  photon  counting  mode  of  operation  assumed 
here.  Even  so,  Eq.  2.30  is  fairly  accurate,  particularly  for  higher 
values  of  S,  as  is  shown  in  Fig.  2.4  where  Eq.  2.30  is  ploted  ("Gaussian 
Approximation")  for  S.T.N.  = 4.75342  (lO"^  B.E.R.)  along  with  the  results 
from  Poisson  statistics  for  a 10'^  bit  error  rate  (calculated  using 
Eqs.  2.1  to  2.3  as  in  Fig.  2.1).  The  number  of  photo-electrons  is  indicated 
on  the  scale  on  the  right,  while  the  number  of  photons  incident  on  the 
detector,  is  shown  on  the  left  assuming  a 5%  effective  1.06u  qiiantum 
efficiency.  The  important  thing  to  note  from  Eq.  2.30  and  these  photo- 
multiplier curves  of  Fig.  2.4  is  the  strong  dependence  of  the  required 
number  of  photons/bit  on  the  modulator  "zero  feedthru",  S,  or  extinction 
ratio  (scale  ac  top  of  Fig.  2.4).  With  an  extinction  ratio  of  200:1 
(5=0.005)  the  v - 5%  photomultiplier  requires  454  photons/bit,  while  at 
E.R.  = 10:1(5=0.1)  the  signal  level  must  be  increased  a factor  of  2 to 
939  photons/bit.  If  the  zero  feedthru,  5=0.2  (E.R. =5),  the  signal  level 
would  have  to  be  1454  photons/bit,  over  triple  that  for  the  200:1  case. 

Hence,  we  conclude  that  for  this  photomultiplier  case 
(1  06u  or  0.53u)  with  -ero  background  light,  it  is  indeed  extremely 
important  to  make  the  extinction  ratio  very  high.  However,  this  dis- 
cussion and  conclusion  regarding  the  0.53ii  approach  have  virtually  no 
relevance  to  the  1.06n  approach  using  an  avalanche  photodiode  detector. 

For  the  A.P.D.  receiver  with  integrated  GAA5FET  preamp  operating 
with  relatively  low  avalanche  gain  (in  the  Npj^  1/M  region  in  Fig.  2.3; 

M < 10),  we  »'an  obtain  from  Eq.  2.20.  For  10*®  B.E.R.  (5.T.N.  = 4.7534) 
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and  taking  i?  = 95%,  and  assuming  as  in  Fig.  2.3  = 175  electrons  for 

the  preamp,  we  would  have  = 1751/(1-S)M  photons/bit.  This  is  graphed 
in  Fig.  2.4  for  values  of  gain  of  M = 1,  2.5  and  5 for  comparison  with 
the  photomultiplier  results. 

The  important  thing  to  note  in  Fig.  2.4  is  the  fact  that,  as 
opposed  to  the  shot  noise  limited  photomultiplier  case,  the  required 
signal  level  for  the  preamp  (Johnson)  noise  limited  avalanche  photo- 
diode receiver  is  only  slightly  dependent  on  the  modulator  extinction 
ratio  (E.R.)  or  "zero  feedthru"  (S).  The  fact  that  the  APD  reciever, 
even  at  very  modest  gain  levels  of  2.5  or  5,  shows  a higher  sensi- 
tivity (considerably  lower  required  signal  level,  Npj^,  for  the  specified 
10'^  B.E.R.)  than  the  photomultiplier  is  a consequence  of  the  fact  that 
the  quantum  efficiency  of  the  APD  (taken  as  95%)  is  much  higher  than 
the  quantum  efficiency  of  the  photomultiplier  (taken  as  r?-|  gg^  = 5%). 

(It  should  be  noted  that  in  fact  no  stable  cross-field  photomultipliers 
with  1.06u  quantum  efficiencies  of  5%  have  been  developed  or  seem  in 
the  offing;  this  figure  of  5%  is  taken  as  an  approximate  equivalent 
1.06y  quantum  efficiency  for  the  frequency  doubled  0.53m  system.) 

This  relative  insensitivity  of  the  low-M  APD  receiver  to 
modulator  "zero  feedthru"  (S)  also  applies  to  its  sensitivity  to  back- 
ground light.  The  analogue  to  Fig.  2.4  for  background  radiation  would 
have  S being  the  fraction  of  the  signal  flux,  Npj^,  received  during  one 
pulse  response  width,  aT^  at  the  detector  due  to  background  light. 

In  this  case  the  APD  receiver  at  the  lower  gain  levels  would  show  no 
dependence  of  Npj^  with  S,  whil?.  the  photomultiplier  would  show  only 
slightly  less  slope  than  shown  in  Fig.  2.4.  This  requirement  for  low 
background  light  on  photomultiplier  detectors  (particularly  when 
operated  in  a high  extinction  ratio  modulator  system)  can  make  it 
necessary  to  utilize  a narrowband  filter  in  front  of  the  detector, 
further  reducing  its  quantum  efficiency.  Typically,  the  modest  narrow- 
band  response  characteristics  of  the  III-V  alloy  avalanche  photodiodes 
are  already  sufficient  to  adequately  limit  background  light  so  that  the 
full  quantum  efficiency  of  the  detector  can  be  utilized. 
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2.2  III-V  Alloy  Microwave  Avalanche  Photodiode  Design 

As  was  pointed  out  in  Section  2.1.5  (and  is  obvious  from  Fig.  2.3), 
the  ultimate  in  gigabit  receiver  performance  will  be  attained  by  combining  a 
highly  charge-sensitive  preamp  with  an  avalanche  photodiode  (APD)  having 
extremely  low  capacitance  (for  high  charge  sensitivity),  high  quantum 
efficiency  (near  100%),  low  leakage,  low  series  resistance  and  sufficient 
avalanche  gain  to  raise  the  signal  level  above  the  preamp  noise.  The  first 
question  to  be  addressed  in  the  APD  design  is  the  choice  of  semiconductor 
material.  Because  the  optical  absorption  coefficient  in  silicon  (an 
indirect  bandgap  semiconductor  at  1.064ii  is  only  10  cm"\  silicon  photo- 
diodes at  this  wavelength  have  a serious  transit  time-quantum  efficiency 
tradeoff  fj^,,  40  MHz),  which  makes  it  impossible  to  achieve 

acceptably  high  quantum  efficiencies  with  silicon  avalanche  photodiodes 
(APD's)  that  are  fast  enough  for  gigabit  data  '•ate  applications. 
Direct-bandgap  III-V  alloys,  on  the  other  hand,  exhibit  pptical  absorp- 
tion coefficients  on  the  order  of  10^  cm"^  for  photon  energies  just  above 
their  e ergy  gaps,  so  that  photodiodes  fabricated  from  these  materials 
can  simultaneously  exhibit  high  quantum  efficiencies  and  short  transit 
times.  The  next  question  to  resolved  is  the  selection  of  a device 
structure.  After  examining  the  design  goals  outlined  in  the  RFP,  we 
concluded  that  it  was  unlikely  that  these  goals  could  be  met,  even  using 
ternary  III-V  alloys,  by  "conventional"  avalanche  photodiode  structures 
such  as  Schottky  barrier  or  diffused  or  implanted  p-n  diodes.  The  problems 
in  these  conventional  homostructures  involve  high  series  resistance,  low 
quantum  efficiency,  difficulty  in  contacting  and  guard  ringing  for 
avalanche  gain,  and  as  a result,  excessive  capacitance  and  poor  speed 
of  response.  Because  of  these  problems,  we  developed  a radically  different 
approach  to  the  avalanche  photodiode  design  which,  in  addition  to  being 
the  structure  most  likely  to  be  able  to  meet  all  of  the  design  goals 
for  the  system  application,  has  the  added  advantages  of  making  a very 
convenient  mounting  configuration  and  providing  a narrowband  optical 
response  characteristic  which  makes  the  detector  sensitive  only  to  the  laser 
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radiation.  Our  initial  work  on  these  APD's  used  a device  structure 
referred  to  as  the  inverted  heterojunction  1.06n  microwave  avalanche 
photodiode  - described  in  Section  2.2.1.  Our  later  work  has  involved 
a refinement  of  this  original  approach  designed  for  improved  avalanche 
gain  characteristics  referred  to  as  the  inverted  homo-heteroj unction 
APD.  This  structure,  described  in  Section  2.2.2,  is  used  for  the  APD 
in  the  delivered  integrated  GAASFET  receiver. 

2.2.1  Device  Design  of  the  Inverted  Heterojunction  Microwave  Avalanche  Photodiode 

In  the  device  approach  to  the  avalanche  photodiode  detector 
described  here,  sophisticated  heteroepitaxial  fabrication  techniques 
using  III-V  compound  and  alloy  semiconductors  are  used  in  order  to  circum- 
vent the  design  tradeoffs  (such  as  between  speed  and  quantum  efficiency, 
etc.)  usually  entailed  in  photodiode  design.  The  inverted  heterojunction 
microwave  avalanche  photodiode  structure  introduces  the  light  through  the 
transparent  substrate  into  the  three-layer  III-V  alloy  (principally 
GaAs.|_^Sb^  alloys  have  been  used)  detector  structure.  The  use  of 
substrate  and  alloys  with  > hv  as  transparent,  very  low  resistance 
contacts  and  optical  filters  makes  possible  a device  with  very  low  series 
resistance,  high  quantum  efficiency  and  controllable  narrowband  optical 
response.  These  factors,  along  with  the  mesa  device  structure,  give  a 
device  with  extremely  wide  signal  bandwidth  capability,  low  noise  (dark 
current)  and  the  capability  for  avalanche  gain. 

Figure  2.5  shows  a drawing  of  the  1.06n  microwave  avalanche 
photodiode  structure.  The  device  structure  shown  starts  with  a p’*'  GaAs 
substrate  and  has  alloy  compositions  selected  for  1.06n  peak  response. 

We  have  also  fabricated  devices  of  the  complimentary  type  (i.e.,  starting 
with  n-type  GaAs  substrate  material)  and  with  alloy  compositions  giving 
peak  responses  iii  the  0.9  to  1.15u  range  (with  wider  ranges  possible). 

The  substrate  in  this  structure  serves  as  a transparent  low  resistance 
contact  to  the  device,  as  well  as  the  physical  mountii.g  base  and 
hermetically  sealing  optical  window  to  the  "outside".  The  light  entrance 
window  portion  of  the  substrate  is  ^nti- reflect ion  coated  to  minimize 
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reflective  light  loss.  The  substrate  doping  is  sufficiently  high  to 
give  low  resistance,  but  not  so  high  as  to  cause  significant  free  carrier 
absorption  of  the  light. 

+ 

The  p alloy  buffer  layer  grown  on  the  GaAs  substrate  is  a direct 
bandgap  III-V  alloy  with  composition  such  that  its  energy  gap  is  slightly 
larger  than  the  photon  energy  of  interest  (1.165eV  for  1.064u  wavelength). 
This  means  that  this  layer  is  transparent  at  the  desired  wavelength 
(hence  acting  as  a transparent  low  resistance  contact  to  the  junction) 
but,  because  of  the  sharp  absorption  edge  of  the  material,  acts  as  a 
cutoff  filter  defining  the  short  wavelength  (high  hv)  cutoff  of  the  photo- 
diode spectral  response.  This  buffer  layer  also  serves  to  minimize  the 
lattice  mismatch  with  the  n’  active  (absorbing)  layer  over  what  it  would 
be  if  it  were  a GaAs  substrate  (Eg  = 1.4eV)  to  n"  alloy  (Eg  = l.leV) 
interface. 


On  top  of  the  buffer  layer  is  heteroepi taxi  ally  grown  the  n" 

alloy  "active"  layer  with  energy  gap  somewhat  less  than  the  photon 

energy  (E  < hv),  such  that  the  material  has  a very  high  absorption 
y 4 

coefficient  (a  ~ 10  cm  ) for  the  light  of  the  wavelength  of  interest. 

It  is  the  absorption  edge  of  this  layer  which  defines  the  long-wavelength 
cutoff  of  the  spectral  photoresponse  of  the  photodiode,  i.e.,  the  layer 
becomes  transparent  for  hv  < Eg.  This  combined  buffer  layer-active 
layer  cutoff  action  in  producing  a narrowband  photoresponse  characteristic 
is  illustrated  in  Fig,  2.6.  Here  actual  transmission  curves  for  a typical 
GaAs  substrate  (TQ^^g)  and  a lOu  thick  epitaxial  Ga^^^In^As  alloy  film 
(Tbuffgr)  shown  (corrected  for  reflection).  For  purposes  of  illus- 
tration, the  absorption  curve  for  the  active  layer,  = I'T^ctive’ 

is  taken  as  only  shifted  to  longer  wavelength  slightly  (since 

the  active  layer  has  a smaller  energy  gap).  The  quantum  efficiency 
versus  wavelength  for  this  structure  is  given  by  the  product  of  the 
transmission  of  the  device  up  to  the  depletion  region  (Tq^^^  ^buffer^ 
times  the  absorption  in  the  depletion  region  (A,^. . assuming  the  whole 

aC  V6 
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Fig.  2.6  Example  of  spectral  photoresponse  which  can  be  obtained  in  either 

inverted  heterojunction  of  (fully  depleted)  inverted  homo-heterojunction 
avalanche  photodiode.  While  this  illustrates  narrowband  photoresponse 
which  can  be  obtained,  usual  experimental  devices  are  made  with  wider 
response  peaks  and  near  100%  quantum  effectiveness. 
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active  layer  is  depleted).  This  product  photoresponse  curve,  as  shown  in 
Fig.  2.6  can  be  quite  narrow  (260A  full  width  at  half  height)  yet  have  high 
peak  quantum  efficiency  (about  82%  near  1.064p  in  the  example). 

This  n"  active  layer  is  depleted  from  the  p-n  junction  near  the 
interface  with  the  buffer  layer  well  into  the  layer.  The  width  of  the 
depletion  region  is  determined  by  the  bias  voltage  and  donor  concentration 
in  the  n"  layer.  Typical  values  for  W for  ^ 10  cm"  are  about  3.2y 
with  a breakdown  voltage  ~ 70  volts  applied  (avalanche  gain  operation).  In 
certain  circumstances  it  may  be  desirable  to  deplete  all  of  the  way  through 
this  n"  active  layer  to  the  n’*'  alloy  contact  layer,  whereas  in  other  cases 
depletion  only  part  way  through  the  layer  may  be  preferable  (both  types 
have  been  fabricated).  These  various  conditions  of  depletion  layer  width 
and  electric  field  distribution  are  obtained  by  varying  the  donor  concen- 
tration and  thickness  for  this  n"  alloy  active  layer. 

The  final  heteroepitaxial  layer  in  the  structure  is  the  n"*"  alloy 
contact  layer.  This  layer  is  heavily  doped  to  provide  an  ohmic  contact 
for  the  n“  active  layer.  In  cases  where  the  active  layer  is  completely 
depleted  it  also  defines  the  edge  of  the  depletion  region.  The  alloy 
content  is  adjusted  to  give  the  same  (or  slightly  larger)  energy  gap  as 
the  n"  active  layer  so  that  optical  transmission  measurements  may  be  used 
to  monitor  the  active  layer  energy  gap  as  a process  control. 

Because  of  the  heavy  doping  of  the  p"*"  substrate  and  n"*"  contact 
layer,  it  is  easy  to  alloy  metallic  ohmic  contacts  to  these  regions  and 
to  plate  the  contacts  with  thick  gold  for  convenience  in  making  contact 
to  the  devices. 

The  device  structure  is  defined  by  photolithography  and  etching 
of  the  mesa  to  the  required  shape  and  side  contours  as  described  in 
Section  3.2.  The  angled  sides  of  the  mesa  at  the  depletion  layer  are  an 
essential  part  of  the  device  structure.  The  peak  electric  field  in  the 
depletion  region  occurs  at  the  p-n  junction  toward  the  substrate  side 
of  the  depletion  region.  If  no  special  precautions  were  taken  at  the 
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surface,  concentration  of  electric  field  at  the  edges  of  the  junction 
would  be  expected  to  lead  to  surface  breakdown  before  the  center  of  the 
junction  area  began  to  give  significant  avalanche  gain.  By  sloping  the 
junction  edges,  as  shown  in  Fig.  2.5  by  careful  etching,  the  electric  field 
at  the  edges  of  the  junction  is  reduced  significantly  below  the  values 
toward  the  center  of  the  device  and  hence  the  device  may  be  used  for 
avalanche  operation.  The  surface  may  be  operated  exposed,  or  covered  with  a 
suitable  passivation  layer. 

2.2.2  Device  Design  of  the  Inverted  Homo-Heterojunction  Avalanche  Photodiode 

In  the  initial  work  on  these  III-V  alloy  1.06y  detectors  (Ref.  1), 
inverted  heterojunction  GaAs,  Sb  photodiodes  of  the  type  just  described 

I ^ A A 

were  developed  which  had  1.064n  quantum  efficiencies  over  95%,  low  leakage 
currents,  and  low  capacitances  and  transit  times  (bandwidths  up  to  dc  to 
15  GHz  into  a 50n  load).  In  addition  to  single  detectors,  of  the  type 
shown  in  Fig.  2.5,  two  dimensional  arrays  were  fabricated  with  this 
structure  (Ref.  2).  The  principal  limitation  in  these  earlier  devices 
was  that  the  high  frequency  avalanche  gain  attainable  was  very  limited  and 
the  gain  uniformity  was  poor  because  of  microplasmas  caused  by  hetero- 
junction interface  defects  at  the  peak  electric  field  point  in  the  deple- 
tion region.  Such  problems  might  reasonably  be  expected  in  the  structure 
of  Fig.  2.5  because  o^  the  fact  that  at  this  p"^  buffer-n"  active  layer 
interface  there  will  necessarily  be  both  heterojunction  lattice-mismatch 
defects  (because  the  increased  antimony  composition  in  the  active  layer 
gives  it  a larger  lattice  constant  than  the  buffer)  and  growth-nucleation 
non-uniformities  caused  by  the  interruption  buffer  layer  melt  is  removed 
and  the  active  layer  melt  is  rolled  on  to  the  growth  surface.  Because  of 
the  strong  dependence  of  avalanche  gain  on  local  electric  field  or 
ionizable  defects,  any  such  non-uniformities  or  defects  lead  to  local 
areas  in  the  junction  with  reduced  breakdown  voltages.  Such  areas  will 
undergo  local  microplasma  breakdown,  limiting  the  useful  (low  noise)  APD 
reverse  bias  range  to  voltage  below  those  required  to  achieve  high 
avalanche  gains  over  the  bulk  of  the  device. 
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Figure  2.7  shows  the  device  structure  for  an  inverted  homo-hetero- 
j unction  GaAs,_  Sb  1.06p  avalanche  photodiode  designed  to  circumvent  the 
gain  limitations  inherent  in  the  earlier  inverted  heterojunction  design. 

The  device  is  fabricated  by  growing  three  liquid  epitaxial  layers  of  GaAsSb 
on  a GaAs  substrate.  The  light  is  brought  into  the  device  through  the 
n'*'  GaAs  substrate,  which  is,  of  course,  transparent  at  1.064u  (hv  = 1.165  eV) 
since  the  photon  energy  is  less  than  the  energy  gap  (E^  = 1.4  eV)  and  the 
n’*'  doping  is  not  so  high  as  to  cause  significant  "free  carrier"  (intraband- 
transistion)  absorption.  The  n’*'  GaAs^^^Sb^  (y  ~0.12)  "buffer"  layer 
(Eg  ~ 1.2  eV)  is  also  transparent  at  1.06y,  but  it  does  serve  to  define 
the  short  wavelength  cutoff  of  the  detector,  as  well  as  to  minimize  the 
lattice  mismatch  at  the  buffer-active  heterojunction.  The  active  (absorb- 
ing) layer  of  GaAs,  Sb  (x  ~ 0.17)  is  the  unique  feature  of  the  homo- 

I a 

heterojunction  device  structure.  Because  its  energy  gap  (~1.1  eV)  is  less 
than  hv,  the  1.06y  light  is  strongly  absorbed  in  this  layer,  with  most  of 
the  light  absorbed  within  1 or  2 microns  of  the  active-buffer  interface. 

The  active  layer  is  started  in  the  liquid-epitaxial  growth  process  as  an 
n"  layer  (N^  ~ 1.5x10  cm'  ),  but  after  about  3 to  5 microns  of  growth, 
p-type  dopant  is  added  to  the  melt  so  that  a p-n  homoj unction  is  grown  in 
this  active  layer.  This  means  that  the  peak  field  region  of  the  depletion 
region  occurs  at  a grown  homojunction  free  from  either  interlayer  growth, 
interface  defects  or  heterojunction  (lattice  mismatch  or  other)  interface 
defects.  In  the  particular  devices  used  in  the  delivered  receivers,  the 
depletion  region  punches  through  the  n"  active  layer  to  the  n’*’  buffer  at 
a bias  voltage  of  about  60  volts  so  that  at  normal  operating  biases 
(V|^  i 80  volts)  all  of  the  light  is  absorbed  in  the  depletion  region. 

This  means  that  the  quantum  efficiency  will  be  nearly  100%  with  good 
anti  reflection  coating  of  the  GaAs  light  entrance  window  (we  have  obtained 
1.06y  reflectances  under  0.1%  using  X/4  coatings  of  Si^N^).  The  quantum 
efficiency  is  relatively  constant  for  wavelengths  between  l.Op  and  1.08u 
for  these  particular  detectors. 
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The  principal  advantage  of  this  device  structu’^e  (Fig.  2.7)  over 
that  of  Fig.  2.5  is  that  the  p-n  junction  (the  peak  electric  field  point 
or  highest  avalanche  gain  region)  occurs  at  a point  in  the  grown  epitaxial 
layer  where  there  is  neither  any  change  in  lattice  constant  nor  any 
disturbance  in  the  growth  process  from  changing  growth  melts.  The  junction 
is  produced  in  the  process  of  continuous  growth  of  the  n"  layer  by  adding 
a tiny  amount  of  p-type  dopan*  to  the  liquid  epitaxial  growth  melt  during 
growth.  The  thickness  of  the  n“  layer  is  established  by  carefully  timing 
the  dopant  drop.  In  addition  to  giving  a relatively  defect-free  p-n 
junction  region,  this  structure  has  the  added  advantage  of  absorbing  the 
light  in  a low-field  region  of  the  junction  (near  the  n"*"  buffer  layer) 
and  drifting  one  carrier  through  the  high-gain  region  (somewhat  like  the 
silicon  "reach-through"  APD  structure),  which  can  give  lower  excess  noise 
factor  for  the  APD. 

There  are  a couple  of  disadvantages  for  the  type  of  structure 
shown  in  Fig.  2.7.  One  is  that  in  punch-through  operation  (i.e.,  the 
depletion  region  extending  all  of  the  way  from  the  p-n  junction  through 
the  n"  layer  to  the  n'*'  buffer  layer),  the  depletion  width,  W,  is  established 
by  the  physical  distance  between  the  p-n  junction  and  the  buffer  layer. 

If  there  are  local  variations  in  W due  to  growth  rate  fluctuation  over  the 
device,  then  for  a given  bias  voltage  there  will  be  corresponding  fluctua- 
tions in  electric  field  strength.  Since  avalanche  gain  is  a very  strong 
function  of  electric  field  strength,  this  can  cause  sizeable  gain  non- 
uniformities across  the  device.  Another  disadvantage  of  fully  depleted 
operation  is  that  there  will  be  fairly  high  electric  fields  (though  not 
as  high  as  at  the  p-n  junction)  at  the  n+  buffer-n'active  layer  hetero- 
junction. This  could  lead  to  defect  ionization  problems.  Both  of  these 
sources  of  problems  could  be  taken  care  of  by  altering  the  n"layer  doping 
level  and  distance  from  the  p-n  homojunction  to  n'-n"*"  heterojunction 
distance  so  that  the  depletion  region  almost  - but  not  quite  - reaches  the 
heterojunction.  This  would  require  some  minority  carrier  diffusion  to  reach 
the  depletion  region,  of  course,  but  if  the  thickness  of  undepleted  absorb- 
ing material  were  small  enough  (~  In),  this  should  not  significantly  degrade 


46 


I 


SC571.16TRF 


quantum  efficiency  or  response  time. 

An  interesting  point  about  the  structure  of  Fig.  2.7  is  that  one 
would  expect  from  the  location  of  the  p-n  junction  at  the  surface  side  of 
the  n"  layer  that  with  the  slope  of  the  mesa  edges  shown,  there  would  be 
field  concentration  near  the  p-n  junction  at  the  device  perimeter  and  henc 
surface  (rather  than  bulk)  breakdown.  In  fact,  considerable  effort  at  the 
beginning  of  this  work  was  extended  toward  developing  "upside  down"  mesas 
to  avoid  this  problem.  However,  it  was  found  that  if  surface  passivations 
are  used  which  tend  to  induce  a p-type  surface  channel  on  the  GaAs.j_^Sb^ 
surface  of  the  n“  layer,  the  channel  effect  works  opposite  to  the  geometrical 
field  concentration  effect  so  that  devices  of  the  type  in  Fig.  2.7  can  be 
fabricated  without  giving  surface  breakdown  problems. 

The  performance  obtained  with  these  inverted  homo-''‘*teroj unction 
APD's  is  discussed  in  Section  4.1.  While  the  performance  of  these  detectors  is  quite 

good,  (we  have  obtained  peak  high  frequency  gains  over  23  db  in  delivered  receivers), 
as  it  turns  out,  the  complimentary  detector  structure  should  give  much  better 
avalanche  gain  performance.  The  structure  of  Fig.  2.7  was  adopted  on  the 
basis  of  6aAs  ionization  da  , a which  indicates  that  hole  ionization  rates 
are  larger  than  electron  ion  zation  rates.  Hence,  in  this  structure  the 
light  is  absorbed  near  the  n'*'  buffer  n"  active  layer  interface  and  the 
photogenerated  holes  are  drifted  through  the  high  field  region  (near  the 
p-n  junction)  for  avalanche  gain.  However,  recent  measurements  on  these 
GaAs,  Sb  alloys  (Ref.  4.)  indicate  that  in  the  x range  of  interest,  the 

I ""A  A 

electron  ionization  rate  is  considerably  larger  than  the  hole  ionization 
rate  (a^»aj.  Measurements  of  gain  versus  wavelength  on  our  experimental 
diodes  of  the  type  shown  in  Fig.  2.7  support  this  conclusion.  In  this 
structure,  if  (as  originally  assumed)  holes  had  the  higher  ionization  rate, 
then  the  shorter  the  wavelength,  the  higher  would  be  the  optical  absorption 
coefficient  for  the  light,  the  closer  to  the  n"*"  buffer-n"  active  layer 
heterojunction  the  carriers  would  be  generated  and  the  more  electric  field 
the  holes  would  get  to  pass  through  in  transisting  the  junction.  Hence, 
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for  Xp»Xn,  we  would  expect  the  highest  avalanche  gain  at  the  short  wave- 
length side  of  the  photoresponse  curve.  In  fact,  just  the  opposite  is  observed 
(Fig.  4.5).  As  the  reverse  bias  on  the  diodes  is  increased,  the  gain  increases 

much  sooner  toward  the  long  wavelength  side  of  the  response,  causing,  in 
fact, the  response  peak  at  higher  biases  to  shift  out  to  a wavelength  which 
would  have  been  on  the  long  wavelength  edge  at  lower  biases.  Hence 
we  conclude  that  the  original  assumption  of  Op»a^  must  be  wrong  for  this 
alloy  composition  and  in  fact  ct^»ap.  This  means  that  the  complimentary 
APD  structure  (as  Fig.  2.7  but  with  all  doping  types  reversed)  should  give 
much  highe**,  more  uniform  gains  than  v/ere  observed  in  the  experimentally 
fabricated  APD's  reported  here. 

2.3  Design  Approach  for  the  Low  Noise  Gigabit  GAASFET  Preamp 

As  was  discussed  in  Section  2.1.5  (see  Fig.  2.3),  in  order  to 
attain  the  maximum  possible  receiver  sensitivity,  it  is  essential  to  combine 
a very  high  quantum  efficiency  APD  with  a highly  charge-sensitive  preamp  so 
that  minimum  avalanche  gain  (to  reduce  excess  gain  noise)  can  be  used  in 
the  APD  and  still  bring  the  signal  shot-noise  level  above  the  preamp 
noise.  With  avalanche  phtoodiodes  of  the  type  described  here  in  which  the 
gains  have  been  marginal  for  attaining  this  end,  it  is  even  more  important 
to  have  an  extremely  charge-sensitive  preamp  (Eq.  2.20).  The  general 
approach  to  attaining  this  is  described  in  Section  2.3.1,  with  the  specific 
preamp  designs  employed  in  this  work  described  in  subsequent  sections. 

2-3.1  Requirements  for  Attaining  High  Pulse  Sensitivity  in  a 

Preamp 

Two  fundamental  limitations  to  the  sensitivity  of  a preamp  for 
detecting  photocurrent  pulses  exist:  1)  the  voltage  noise  - input  capaci- 

tance limit  and  2)  the  Johnson  or  thermal  noise  current  in  the  load  or 
feedback  resistance  (Ref.  5).  If  a photodiode  with  junction  capacitance 
Cj  is  connected  to  a preamp  with  input  capacitance  then  a charge 
pulse  Qp  from  the  photodiode  will  produce  a voltage  change  ^V_<Qp/(Cj+Cjj^) 

(where  the  < is  used  since  there  may  in  general  be  other  shunt  conductances). 
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If  the  preamp  has  a total  rms  input  voltage  noise  then  the  minimum 
detectable  charge  pulse  (amount  of  charge  required  to  make  aV  = e^)  will  be 
~ ®n  ^ terras  of  the  number  of  electrons. 


"o  ^ <2.31) 

where  is  the  "minimum  detectable  current  pulse"  or  number  of  electrons 
in  a current  impulse  required  to  make  the  voltage  change  equal  the  rms 
noise  (q  = 1.602x10“^^  coul). 

From  Eq.  2.31  we  see  that  in  order  to  attain  high  pulse  sensi- 
tivity in  a preamp  for  a receiver  (that  is,  low  N^)  we  must  have  a preamp 
with  low  input  voltage  noise  combined  with  a total  input  capacitance 
(preamp  plus  photodiode)  that  is  extremely  small.  In  practice,  the  input 
voltage  noises  for  wideband  amplifying  devices  of  high  quality  are  not 
widely  different,  so  that  the  principal  way  to  reduce  is  to  reduce  the 
capacitance  (Cj  + Here  we  have  an  excellent  start  because  a 3 mil 

GaAs,  „Sb„  detector  of  the  type  described  earlier  has  only  C,  = 0.1  pf, 
and  has  negligible  series  resistance  so  that  there  is  no  thermal  noise 
contribution  to  e^  in  the  APD.  In  order  to  maintain  this  capacitance 
advantage,  we  use  a GaAs  Schottky  barrier  field  effect  transistor  (GAASFET) 
preamplifier,  since  the  input  capacitance  of  a l»i  gate  length  GAASFET  is 
typically  of  the  order  of  0.2  pf.  ^Needless  to  say,  in  order  to  keep  stray 
capacitances  down  to  this  <0.1pf  level,  the  APD  must  be  hybrid  integrated 
with  the  preamp.)  In  comparison  with  the  GAASFET,  a silicon  bipolar 
transistor  would  have  similar  e^  and  typically  5 pf  input  capacitance,  so 
that  Nq  would  be  over  an  order  of  magnitude  larger. 

To  improve  the  preamp  sensitivity  (reduce  N^),  we  must  also 

reduce  the  Johnson  noise  current  in  the  load  resistor,  i . = /4KTaF/R. 

nj 

The  increase  in  R allowed,  for  the  same  bandwidth,  by  reducing  (Cj+Cjj^) 
helps,  but  is  insufficient  to  achieve  the  two  order  of  magnitude  increase 
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in  R required  to  achieve  a one  order  of  magnitude  reduction  in  i^j.  In  a 
feedback  mode,  or  trans impedance-type  of  amplifier  with  open-loop  gain  A, 
the  3db  bandwidth  is  given  by  f^^j^  = A/2TrRp(Cj  + as  compared  with 

^3db  ~ V2ttR|^(Cj  + Cji^)  for  a simple  load  resistor  configuration.  Hence, 
by  going  to  a feedback  mode  GAASFET  preamp  with  A = 10  having  an  order  of 
magnitude  lower  (Cj  + 0^^^)  than  a simple  bipolar  transistor  preamp,  we 
can  increase  R by  two  orders  of  magnitude  and  obtain  at  least  an  order 
of  magnitude  of  reduction  in  i^j  and  N^, 

2.3.2  Model  for  Signal  Response  and  Noise  Output  for  a Feedback-Mode  Preamp 

The  detailed  role  of  the  input  capacitance,  ‘input  voltage  noise, 
feedback  resistance,  etc.,  in  the  overall  signal  and  noise  performance 
of  a negative  feedback  "trans impedance-type"  preamp  is  shown  in  Fig.  2.8. 

Here  we  consider  an  ideal  (zero  noise,  zero  output  impedance,  infinite 
input  impedance)  operational  amplifier  with  frequency-dependent  gain 
A(w)  in  the  triangular  block  with  the  relavent  departures  from  non-ideality, 
a finite  input  conductance  (usually  a capacitance),  , and  a finite 
input  voltage  noise,  e^ . Since  we  are  considering  a frequency-dependent 
noise  analysis,  e-j  is  a noise  spectral  density  measured  in  volts/v4iz, 
as  is  the  noise  associated  with  the  feedback  resistor  The  APD  in 

Fig.  2.8  a)  is  represented  by  a signal  current  geneMt<v,  ip,  in  parallel 
with  a conductance  (virtually  pure  capacitan"  Because  the  series 

resistance  of  the  GaAs,  Sb  APD's  we  are  . ■>nsidering  here  are  so  small 

I '**A  A 

(a  few  ohms  typically)  we  can  ignore  >b>  /esitance  and  its  associated 
voltage  noise  for  our  case.  The  sol  tu/t  for  in  terms  of  ip  and  the 
noise  generators  e-j  and  62  is 


V 


OUT 


1 + 1/A(T+G*[7^ 


2.32 


where,  of  course.  A,  Gj-  and  " SpD  ^ are  complex  frequency-dependent 
values,  and  e^  and  e2  are  in  general  frequency-dependent. 
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Fig.  2. 


Signal  and  Noise  Models  for  Feedback-Mode  (Trans- 
iinpedance-Type)  Preamps,  a)  General  case  of  feedback 
element  with  (Frequency-dependent)  noise  voltage  ep. 
b)  Usual  case  of  feedback  element  a resistor  paralleled 
by  a capacitance  where  we  transform  the  resistor  noise 
to  a frequency-independent  input  noise  current,  i .. 

* I J 
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Figure  2.8  b)  shows  a slightly  simpler  version  of  2.8  a)  more 
specifically  adapted  to  the  preamp  case,  Here  a specific  form  is  taken 
for  Gp  in  terms  of  a feedback  resistance  in  parallel  with  a small  capacitance. 
The  62  noise  voltage  source  has  been  replaced  by  the  Johnson  noise  current 
source,  i . which  is  frequency  independent  (white  noise)  and  is  in  parallel 

1 1 J 

with  the  signal  source,  ip.  (Of  course  it  is  understood  that  ip  includes 
all  of  the  relavent  multiplied  shot  noise  terms  from  Eq.  2.24,  but  here 
we  are  concerned  about  the  preamp  contribution  to  the  noise.)  For  this 
case,  we  have 


'OUT 


(’ 


+ 1/A  (1  + Gj/Gpl 


+ i - 

£ JU 


e^  (G 


F 


Gp  + 1/A  (Gp  + Gj) 


(2.33) 


where 


nj 


= /4kT/Rp 


(2.34) 


is  the  Johnson  noise  current  spectral  density.  While  the  signal  term 
(F.q.  2.33  with  e^  = i^j  = 0)  in  2.33  may  be  evaluated  at  any  frequency 
directly,  to  obtain  the  total  noise  output,  we  must  integrate  the  square 
(VoLiT  Vqijj  ) of  Eq.  2.33  (with  ip  = 0)  over  the  measurement  bandwidth 
range  and  then  take  the  square  root  of  the  result  to  get  the  total  noise 
output  in  the  measurement  bandwidth  range.  We  note  in  Eq.  2.33  that  the 
response  to  the  Johnson  (white  thermal  resistor  noise)  is  exactly  the  same 
as  the  response  to  the  photocurrent  signal  or  signal  shot  noise,  with 
the  signal  output  at  lower  frequencies,  i.e.,  approximately 


in  Rc 
v P F 

''out  “ 1 + 1/A 


= KK 

0 p 


(2.35) 


The  response  to  the  input  voltage  noise  term  e^  (which  itself  is  a function 
of  (D,  particularly  in  the  "1/f  noise"  region  for  the  preamp  input  device), 
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on  the  other  hand,  is  strongly  frequency  dependent  because  it  is  propor- 
tional to  Gj  (Gj  = jwCj  = jw  + C^pq))  in  the  usual  case.  In  the  low 
to  mid  frequency  range,  increasing  Rp  (reducing  Gp)  increases  the  magnitude 
of  the  signal  term  relative  to  the  e.|  term.  At  high  frequencies,  Gj 
must  be  kept  to  a minimum  (low  + C^pp)  to  reduce  the  contribution. 

(Of  course  selecting  an  input  device  with  low  voltage  noise,  e^ , helps  as 
well.) 

Because  the  various  parameter  terms  in  Eq.  2.33  are  complex, 

it  is  difficult  to  learn  much  more  by  just  examining  the  response  equation. 

To  model  a preamp  it  is  necessary  to  "put  in  the  numbers"  and  compare  with 

experiment  to  determine  the  correct  parameter  values  (e^,  etc.).  A 

computer  program  written  for  the  Tektronix  Digital  Processing  Oscilloscope 

(DPO)  in  the  TEK  BASIC  language  is  shown  in  Appendix  A. 2.  This  program 

was  written  for  the  specific  case  of  Fig.  2.8  b)  with  Gj  = juCj 

and  A(F)  = A^/(l  + jF/F^).  The  low  frequency  open-loop  gain,  A^,  F^,  Cj, 

Rp  and  a white-noise  voltage  source  e-j  (called  EN  in  the  program)  volts/vTlz^ 

are  the  input  parameters.  Lines  1100  to  1147  calculate  the  real  and 

imaginary  parts  of  the  signal  term  (Vg^jj/ip  with  e-|  = 'pj  " ® 2.33) 

into  arrays  C and  D and  the  magnitude  squared  of  the  last  term  (Vq^j/^^  with 

i = i . = 0 in  2.33)  in  array  B.  These  512  element  arrays  cover  the 
p nj 

frequency  range  -255  DF  to  +255  DF  or  up  to  2.55  GHz  fos  OF  = 10  MHz. 
Positive  and  negative  frequency  values  are  used  so  that  the  impluse  response 
can  be  obtained  using  the  inverse  Fourier  transform  (I FT)  of  C and  D 
(line  1146,  includes  normalization)  with  the  result  into  array  A.  The 
peak  value  of  A is  (V/Q)^  from  Eq.  2.6  or  Fig.  2.2.  All  we  need  to  know 
to  get  the  minimum  detectable  current  pulse  for  the  preamp,  (in  Eq.  2.19) 
is  the  rms  output  voltage  noise  with  no  signal  (ip  = 0).  Having  already 
obtained  the  pulse  response  through  the  IFT,  we  do  not  need  the  real  and 
imaginary  parts  of  signal  response  any  longer,  but  rather  the  magnitude 
of  V/I  vs.  frequency  and  the  magnitude  squared  for  the  Johnson  noise 
(lines  1156  and  1158).  The  rest  of  the  program  (to  line  1186)  is  used 
to  carry  out  the  noise  voltage  (squared)  versus  frequency,  integrate  to 
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square  root  to  get  v „ and  N as  used  in  Eq.  2.19 
no  no  0 

and  elsewhere.  The  outputs  from  this  program  include^ frequency  response 


(including  Fjjij  and 


where  F„„,5|;  • (V, 


/'QO 

'0UT/''p^f=0  A ^^OUT'  p' 

the  impulse  response  (including  (V/Q)^),  the  noise  output  spectral  density, 

the  total  output  noise  voltage  and  the  minimum  detectable  current  pulse,  N^. 

2.3.3  Effect  of  Post-Receiver  Amplifier  Bandwidth  on  the  Pulse 
Detection  Performance  of  a Feedback-Mode  Preamp 


r/iJ  df 


The  program  modelling  for  the  feedback-mode  preamps  described 
above  (listing  in  Appendix  A. 2)  assumes  a measurement  bandwidth  of  2.55  GHz 
[for  DF  = 10  MHz  per  calculated  point]  following  the  receiver.  Because 
the  response  of  the  preamp  to  the  resistor  Johnson  noise  (i^j  in  Eq.  2.33) 
and  the  signal  photocurrent,  ip  is  the  same,  increasing  the  bandwidth 
increases  the  signal  peak  height  more  rapidly  than  it  increases  the  total 
Johnson  noise  (white  noise  power  is  proportional  to  aF;  i^  « aF^),  so 
that  Njj  is  improved  (reduced)  with  increased  bandwidth.  However,  the  e^ 
voltage  noise  term  in  Eq.  2.33  is  frequency  dependent,  leading  to  a high- 
frequency  peak  in  the  noise  spectral  density.  If  a reduced  post-receiver 
bandwidth  is  used  it  may  be  possible  to  actually  improve  by  reducing 

the  output  bandwidth  somewhat  to  some  optimum  (i.e.,  while  reducing  band- 
width will  cut  (V/Q)p  somewhat,  it  may  cut  v^^  more  rapidly  for  a while). 

The  TEK  BASIC  program  listed  in  Appendix  A. 3 calculates  (lines 
8000-8192)  starting  with  the  noise  spectral  density  (from  the  A. 2 program), 
the  noise  spectral  density  and  total  output  noise  if  the  output  is  passed 
through  a Gaussian  filter  with  impulse  response  time,  T.j  (or  standard 
deviation  frequency  GW  = 1/2tiT.|).  A Gaussian  filter  is  taken  there  for 
the  non- ringing  transient  response  characteristic.  Also,  because  the 
Fourier  transform  of  a Gaussian  frequency  response  is  a Gaussian  pulse, 
sampling  the  output  data  stream  with  a finite-width  Gaussian  sampling 
pulse  (i.e.,  sampling  with  a time  weighting  exp[-(t-Tp)^/2T^^]  instead 
of  the  <s(t-Tp)  sampling  assumed  in  Eq.  2.7  and  Fig.  2.2)  has  the  same 
effect  as  the  Gaussian  frequency  response  filtering  on  the  output  noise 
or  signal  pulse.  The  result  cf  the  program  is  a modified  noise  voltage 
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spectral  density  curve  (displayed  on  the  DPO  in  array  B ["waveform  B"])» 
and  a total  voltage  noise  output. 

The  effect  of  the  Gaussian  filtering  on  the  output  pulse  height 
(from  the  program  in  A, 2)  is  calculated  by  means  of  convolution  with  the 
Gaussian  filter  impulse  response  in  the  program  in  Appendix  A. 4 (lines 
8300  to  8380).  The  result  of  this  program  is  the  reduced  (V/Q)^  peak 
height  with  the  Gaussian  filter.  This,  taken  with  the  results  of  the 
A. 3 program,  allows  the  with  the  bandwidth-limiting  output  filter 
to  be  determined.  This  program  can  also  be  used  for  determining  (V/Q)p, 
or  the  peak  output  when  the  input  light  pulse  is  not  a 6-function,  but 
rather  a Gaussian  pulse  with  standard  deviation  T^.  (The  short  program, 
lines  8200-8260  is  used  to  x2  expand  and  interpolate  quadratically  the 
5ns/div  pulse  response  calculated  from  the  I FT  in  the  program  in  A. 2 
to  give-in  two  runs-the  1.25ns/div  time  scale  chosen  for  this  A. 4 program.) 

Hence,  these  two  programs  can  be  used  with  the  feedback  preamp 
model  program  to  determine  the  influence  of  either  finite  sampling  pulse- 
width  or  limited  post-receiver  bandwidth  (of  Gaussian  response  shape) 
on  the  optical  pulse  detection  capability  of  the  receiver.  In  cases  when 
the  voltage  noise  (e-j)  contribution  is  not  large,  there  is  little  influence 
on  Nq  as  long  as  the  bandwidth  past  the  preamp  is  well  above  the  receiver 
bandwidth.  On  the  other  hand,  when  the  e-j  contribution  is  larger,  there 
may  be  a significant  reduction  in  possible  by  choosing  an  optimum 
output  amplifier  bandwidth  (of  perhaps  1.5  times  the  receiver  3 db 
bandwidth)  as  compared  to  wider  output  bandwidths. 

2.3.4  Preliminary,  Lower  Bandwidth,  GAASFET  Preamp  Designs 

The  feedback  preamplifier  model  indicates  that  it  is  absolutely 
essential  to  have  very  low  input  capacitance  to  the  preamp  (and  APD 
capacitance)  in  order  to  achieve  high  pulse  sensitivity.  Further,  in 
order  that  the  feedback  amplifier  be  stable,  the  phase  shift  in  the 
amplifier  must  be  kept  small.  (Over  most  of  the  frequency  range  of  interest 
there  is  90°  phase  shift  due  to  Rp  - Cj  and  the  total  open-loop  phase  shift 
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may  not  exceed  180°  when  the  loop  gain  is  greater  than  or  equal  to  unity.) 

This  requires  an  amplifying  device  of  great  gain-bandwidth  capability. 

Fortunately  the  gallium  arsenide  Schottky  barrier  field  effect  trans 
(GAASFET)  has  the  very  low  input  capacitance  and  very  high  gain-bandwidth 
product  as  required  for  this  application.  Three  different  preamplifier 
designs  of  the  transimpedance  type  using  GAASFETs  have  been  developed.  The 
first  two  designs  (Mark  lA  and  Mark  II)  represent  important  developments  in 
the  GAASFET  receiver  technology,  but  do  not  have  bandwidth  sufficient  for 
gigabit  data  rate  reception.  These  are  discussed  in  the  section.  The 
successful  >lGb/s  data  rate  Mark  III  design  is  discussed  in  section  2.3.5. 

The  basic  approach  to  these  designs  with  simplified  schematics  are  given  here; 
the  full  schematic  diagrams  are  included  in  the  performance  results  in  Section  4. 

2. 3. 4.1  Basic  Design  of  the  Mark  lA  Two-GAASFET  Preamp 

The  first  successful  GAASFET  feedback  mode  preamps  were  of  the 
"Mark  lA"  design  shown  (in  very  simplified  form)  in  Fig.  2.9.  This  two- 
GAASFET  design  is  the  simplest  of  the  optical  receiver  designs  and  was  used 
in  preamps  #4  and  #5  (Serial  Numbers  004  and  005).  The  "operational  amplifier" 
here  is  a single  GAASFET,  with  a voltage  level  shifter  zener  diode  (shown 
as  battery  in  Fig.  2.9)  to  allow  for  the  dc  offset  between  the  drain 
(typically  + 4Vdc)  and  the  Qi  gate  (typically  -2Vdc).  The  gain  of  this 
"op-amp"  will  be  of  the  order  of  , where  g^^  is  the  transconductance  of 

at  the  operating  bias.  In  order  to  obtain  sizeable  voltage  gains  (A^  ~ 5 to  10) 
with  reasonable  Q-|  transconductances  (g^^^  ~ 10  to  20  mmhos),  it  is  necessary 
to  have  impedance  levels  at  the  Q.j  drain  of  the  order  of  500  ohms  to  1KJ2 
(R|^  in  parallel  with  the  drain  resistance,  Rp).  The  purpose  of  Qg  is  to 
serve  as  a low  capacitance  buffer  between  the  high  impedance  at  the  Q-j  drain 
and  the  required  50R  output  impedance.  To  Q-j , Q2  looks  like  a capacitive 
load  (often  referred  to  as  C^^)  and  C|^  must  be  kept  small  in  order  that  an 
acceptable  bandwidth  be  maintained  in  the  "op-amp"  (Q.j)  stage.  For  this 
reason  a GAASFET  is  used  for  as  well  as  Q^. 

The  reason  for  using  a single  voltage  gain  stage  for  the 
"op-amp"  in  the  feedback  preamp  isto  avoid  instability  due  to  accumulated 
phase  shift  in  several  active  device  stages.  Of  course,  in  Fig.  2.9 
does  not  represent  an  "op-amp"  at  all  in  the  sense  of  Fig.  2.8  because 
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its  output  impedance  is  not  low.  However,  since  the  only  loading  to  the 
stage  is  and  Rp,  if  we  define  A (u)  in  Fig.  2.8  in  terms  of  the  voltage 
gain  of  with  and  Rp  as  loads,  we  can  still  use  the  formalism  of 

Section  2.3.2  to  describe  the  preamps  and  their  noise  characteristics. 

One  of  the  major  problems  incurred  in  the  earlier  portions  of 
this  work  was  that  the  hybrid-integrated  GAASFET  receivers  proved  to 
be  better  UHF  or  microwave  oscillators  than  amplifiers.  This  is  hardly 
suprising  in  that  this  work  represents  the  first  effort  to  push  negative 
feedback  "transimpedance  amplifier"  concepts  to  the  near-gigahertz 
frequency  range.  In  this  frequency  range  it  is  possible  for  any  stray 
lead  inductance,  etc.,  in  experimental  preamps  to  serve  as  a feedback 
element  and  push  the  already  none-too-generous  phase  margin  of  the  ideal 
current-mode  feedback  configuration  beyond  the  Nyquist  limit  into 
oscillation.  In  order  to  deal  with  these  problems,  a detailed  circuit 
analysis  of  the  Mark  lA  preamp  first  stage,  including  some  parasitic 
elements,  was  carried  out  on  a digital  computer. 

Figure  2.10  shows  the  ac  equivalent  circuit  of  the  first  stage 
of  the  GAASFET  preamp  with  parasitic  source  impedance  considered  (R^  is 
internal  to  the  chip,  while  would  represent  stray  source  lead  inductance 
in  the  circuit  or  bonding  wires).  Here  an  elaborate  MESFET  model,  (Ref.  6) 
is  used.  The  values  quoted  for  the  2n  gate  Fairchild  FMX  950  transistor 
for  this  model  are  Rq  = lOn,  Cq  = 0.4pf,  R^  = 150,  Rp  = 625fi,  Cp  = 0.05pf 
and  Cjg  = O.Olpf  (Cp  = + stray  would  be  ~ 0.02pf).  The  transconductance, 

g^^,  would  be  about  20  mmho  at  Ip  ~ 50  mA  for  a good  device,  but  g^^  ~ 12  mmho 
at  the  Ip  ~ 10  mA  bias  used  here.  Note  in  this  model  that  g^^  does  not 
amplify  but  rather  V^,  the  voltage  across  C^.  In  the  reduced  ac 
equivalent  circuit  of  Fig.  2.10  this  problem  is  avoided  by  replacing  g 

I 

by  , a complex  quantity  taking  into  account  the  Rq-Cq  voltage  divider 
action,  so  that  the  output  current  generator  is  g^^ 
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^ 9m  -y  - n/Gs)CGF(W9n, 

'p  (6p+G^)(Gp+G,)+Gp(Gp+Gj^fGg+Gjfg^  ) < (I/65)  |(6L^6,)[Gp{Gp+Gg+g^  )+GpGQ]+G,[GL(Gp+Gg)+GQg,^  ]( 


Fig.  2.10  AC  Equivalent  Circuit  of  the  first  Stage  of  Mark  lA 

or  Mark  II  Preamps  Including  Parasitic  Impedances.  This 
circuit  is  analyzed  using  the  TEK  BASIC  program  listed 
in  Appendix  A. 5. 
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The  model  of  Fig.  2.10  has  three  independent  nodes;  the  source, 
the  gate,  and  the  drain  (output)  nodes,  with  three  independent  equations 
to  solve  simultaneously  to  give  V^/ip  in  terms  of  the  seven  complex 
parameters  (G^,  Gp,  G^,  Gg,  G^,  G^_  and  g^^').  The  solution  for  V^/ip  is 
given  by 

''o  _ 3m'-  S - (2-“) 

+ (l/Gj)  j(G|^tG,)[Gp(G„+G|,+g^  VGpG|,]+G,[G|^(Gj,+Gg)+G|,g^  ]j 


Eq.  2.36  is  arranged  to  focus  attention  on  the  difference  between  the 
parasitic  contribution  (arising  from  finite  G^)  and  the  desired  2-node 
characteristics  which  would  exist  with  the  source  grounded  (G^  infinite 
or  1/Gg  = 0).  Appendix  A. 5 contains  the  listing  for  a TEK  BASIC  language 
computer  program  to  perform  this  circuit  analysis  on  the  D.P.O.,  along 
with  an  explanation  of  the  program.  The  program  is  somewhat  similar  in 
concept,  but  much  more  elaborate  than  the  program  described  in  Section  2.3.2 
for  Eq.  2.33.  In  addition  to  the  source  lead  parasitic  impedance  shown 
in  Fig.  2.10,  the  program  can  treat  similar  drain  lead  stray  inductances 
(and  with  minor  modification,  other  effects).  The  use  of  this  program 
made  it  possible  for  us  to  understand  the  circuit  and  constructional 
difficulties  which  caused  the  oscillation  in  the  early  "Mark  I"  preamps 
and  to  attain  stable  operation  with  good  performance  in  the  modified  "Mark  lA" 
design.  The  best  bandwidths  attained  with  these  Mark  lA  preamps,  ~ 400  MHz, 
are  not  quite  high  enough  for  gigabit  coimiunication , however. 

2. 3. 4. 2 Ma~"k  II  Three-GAASFET  Preamp  Design 

In  early  evaluation  work  on  GAASFET  preamps  of  the  "Mark  lA" 

design  in  a laboratory  PGBM  400Mb/s  1.06u  coimiunication  system  at 
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McDonnell  Douglas,  St.  Louis  (by  Dr.  Samuel  Green),  it  became  clear  that  the 
"EMI"  environment  present  in  the  evaluation  facility  could  cause  sufficient 
cable  ground  pick-up,  power  supply  injected  interference,  etc.,  to  cause 
degraded  B.E.R.  results.  The  "Mark  II"  design  was  developed  as  a simple 
extension  of  the  "Mark  lA"  design  only  incorporating  an  additional  gain  stage 
in  the  preamp  itself  to  help  raise  the  signal  level  above  the  interference 
noise  level. 

This  "Mark  II"  GAASFET  preamp  design  is  shown  in  simplified 
schematic  form  in  Fig.  2.11.  The  functioning  of  the  "op-amp"  stage,  Q-j , 
is  exactly  the  same  as  in  the  "Mark  lA"  design  in  Fig.  2.9.  The  only  change 
in  design  noted  in  Fig.  2.11  is  the  addition  of  the  Qg  gain  stage.  (Actually, 
the  Mark  II  preamp  is  considerably  more  complicated  than  the  Mark  lA,  with 
5 silicon  bipolar  transistors  and  numerous  other  components  added,  internal 
to  the  preamp  for  automatic  output  dc  balance,  bias  generation,  etc.;  functions 
not  shown  in  Fig.  2.11.)  Q2  is  a simple  voltage  amplifier  stage  with  approx- 


"op-amp"  gain  stage,  L,  is  used  to  "tweek"  the  high  frequency  response  slightly 
to  obtain  a wider  3dB  bandwidth  and  faster  transient  response  (i.e.,  to  go  from 
a slow  simple  single  pole  rolloff  to  a response  with  quadratic  poles).  The 
value  of  L|^  is  selected  (in  relation  to  Rj^  ||  R^  end  C^)  to  give  a crisp 
transient  response  without  undesired  oscillatory  behavior.  Because  the  Q2  gain 
stage  has  a limited  bandwidth  (~  500  MHz  in  §7),  the  resulting  overall  band- 
width (~  300  MHz)  is  less  than  for  a Mark  lA  preamp  and  certainly  inadequate 
for  gigabit  data  rate  use. 

2.3.5  Basic  Design  of  the  Gigabit  Mark  III  Three-GAASFET  Preamp 

The  "Mark  lA"  and  "Mark  II"  preamp  designs  are  not  useable  for 
gigabit  data  rate  communications  because  of  their  limited  closed-loop  bano- 
widths  (of  the  order  of  300-400  MHz  in  the  experimental  preamps  with  Rp  values 
of  3Kq-4Ksi).  For  gigabit  data  rate  communications  reception  of  binary- 
modulated  modelocked  laser  pulses,  we  must  have  a receiver  bandwidth  of 
>500  MHz  (specifically  with  a peak  to  near-baseline  fall  time  under  Ins). 

For  greater  sensitivity  we  would  like  to  be  able  to  obtain  these  wider 
oandwidths  with  larger  values  of  feedback  resistance,  Rp.  Detailed  analysis  of 
the  experimental  Mark  lA  (M  and  #5)  and  Mark  II  (§7)  preamps  indicated  that 
the  principal  problem  was  that  the  loading  capacitance  on  (representing  the 
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combined  input  capacitance  of  capacitance  to  ground  from  the 

level-shifting  circuitry,  V^,  and  dc-block,  Cg , in  Figs.  2.9  and  2.11) 
was  too  large.  If  a large  value  of  II  Rq^  is  obtained,  then  A^,  the 
open-loop  "op-amp"  low  frequency  gain, is  high  but  the  3db  rolloff  frequency, 
Fy^,  drops  accordingly, increasing  the  high  frequency  phase  shift.  In  fact, 
the  gain-bandwidth  product  of  this  "op-amp"  will  be  of  the  order  of 
g^^/2iiCL,  so  that  if  is  too  large,  there  is  no  way  we  can  obtain  higher- 
frequency  performance. 

This  problem  with  the  earlier  designs  stems  from  the  fact  that 
Q.J  does  not  represent  a true  operational  amplifier  (as  indicated  in 
Fig.  2.8),  because  it  does  not  have  low  output  impedance.  Hence  the 
loading  effect  of  degrades  the  "op-amp"  gain  bandwidth.  The  "Mark  III" 
preamp  design  was  developed  as  an  extension  to  the  Mark  lA  design  concept, 
making  the  input  stage  a two-GAASFET  true  operational  amplifier  with  low 
output  impedance.  The  simplified  schematic  diagram  of  the  "Mark  III" 
preamp  design  is  shown  in  Fig.  2.12.  Here  we  see  that  the  "op-amp" 
voltage  gain  stage  is  a cascade  arrangement  with  grounded-source 
driving  a source  follower  Qg.  The  level-shifted  (V^)  output  from  Q2 
is  the  output  feedback  point  to  the  input  (through  Rp),  so  that  now  we 
require  that  the  sum  of  the  phase  shifts  in  , Q2  and  the  Rp-Cj  feedback 
network  be  less  than  180°,  while  the  open  loop  gain  exceeds  1.  This 
makes  it  important  to  use  very  careful  circuit  layout  as  the  combined 
power  gain  of  Q-j  and  Q2  can  be  very  large  (circuit  oscillations  at  X-band 
frequencies  have  been  obtained  with  experimental  Mark  III  preamps  when 
spurious  feedback  coupling  was  allowed  to  exist).  With  the  appropriate 
precautions  taken  with  circuit  fabrication,  we  have  obtained  excellent 
stable  results  with  the  Mark  III  preamps  (#6  and  #8). 

The  open  loop  gain  at  lower  frequencies,  A^,  will  be  given  in 
the  circuit  of  Fig.  2.12  by 
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*^Dl) 


(2.37) 


(where  Rj^  II 
gain  stage  wil 


= 1/(1/Rl+1/Rq^ ) . etc.)  and  the  output  impedance  of  the 
be  approximately 


(2.38) 


For  g =^12  mmho,  Irmr  will  typically  be  about  75  ohms  so  that  there 

in^  * j • i 

win  be  virtually  no  loading  effect  from  fractional  pf  load  capacitances. 
Hence,  by  increasing  Rj^  we  can  obtain  higher  gains  without  destroying 
the  bandwidth  (F^)  due  to  loading.  The  principal  capacitive  loading 
effect  of  concern  is  of  Q^,  Cg^  of  Q2,  and  the  stray  capacitance  from 
the  drain  of  Q-j  (R|^»  etc.)  to  ground.  Gain-bandMidth  products  of  the 
order  of  5 GHz  have  been  obtained  for  the  "op-amp"  (Q^-Q2)  section  of 
"Mark  III"  GAASFET  preamps.  This  makes  it  possible  to  obtain  subnanosecond 
preamp  response  times  with  Rp  = 5000n  feedback  resistance  values,  with 
corresponding  low  noise  and  >lGb/s  data  rate  capability. 


2.3.6  GAASFET  Voltage  Gain  Characteristics 


The  most  important  properties  of  the  "op-amp"  or  input  voltage 
gain  stage  of  the  GAASFET  preamps  is  their  open-loop  voltage  gain,  A, 
and  their  input  capacitance.  One  of  the  vexing  problems  encountered  in 
the  early  part  of  this  work  was  that  it  was  found  that  the  voltage  gains 
in  available  GAASFET  devices  was  disconcertingly  low.  The  voltage  gain 


of  Q|  in  the  Mark  lA  or  Mark  II  preamps  at  low  or  mod  frequencies  should 
be  of  the  order  of 


^0  “ T7V~+  1/Rn  ■ 

L \j 


(2.39) 
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Measuring  from  the  spacing  of  the  vs.  (with  as  the  stepped 

parameter)  curves  for  typical  GAASFET's  might  give  g^  =:  0.012  mhos, 

Rq  > GK52.  Hence  we  would  expect  for  = IKo,  for  example,  A^  10. 

Experimentally,  typical  In  gate  GAASFET's  were  found  to  give  A^  =«  2.5  to  3. 

(Needless  to  say,  an  open  loop  gain  of  2.5  does  not  make  a very  effective 

"op-amp".)  The  problem  was  found  to  be  that  Rf.,  the  drain  resistance 

^ 4 5 

of  the  GAASFET,  was  much  lower  at  high  frequencies  (above  10  or  10  Hz) 
than  measured  from  the  "near  dc"  curves.  R^  values  of  250  to  400  ohms 
were  found  typical  for  In  gate  devices  (both  Science  Center  - fabricated 
devices  and  those  obtained  from  outside  vendors),  while  2n  gate  FMX  950 
devices  gave  somewhat  higher  values  (600O-800O  with  an  occasional  sample 
higher). 

This  low  output  resistance  of  the  GAASFET's  is  not,  in  fact, 
a spurious  effect  (it  is  the  high  output  resistance  measured  in  the  low- 
frequency  curves  that  is  the  spurious  effect-thought  to  be  associated 
with  trapping  states  at  the  n+  GaAs-semi  insulating  GaAs  interface). 

In  fact,  in  a GAASFET  with  a very  narrow  gate, there  will  be  significant 
coupling  between  the  drain  potential  and  the  semiconductor  potential  under 
the  source  side  of  the  gate,  just  as  there  is  in  a triode  vacuum  tube 
between  the  plate  potential  and  the  space  charge  region  between  the  grid 
and  the  cathode.  Just  as  in  the  triode  vacuum  tube  where  this  leads 
to  a finite  plate  resistance,  in  the  GAASFET  this  leads  to  a finite 
drain  resistance.  The  narrower  the  gate  region  is,  the  larger  will  be 
this  drain  potential  coupling  and  the  lower  R^. 

One  solution  to  this  problem  might  be  seen,  then,  in  using  wiaer- 

gate  GAASFET's.  This  is  completely  unacceptable  for  our  application, 

however,  because  the  input  capacitance  (C  or  C,.,)  increases  with  gate 

y s 1 Pi 

width  and  we  must  have  low  input  capacitance  for  sensitive  charge  pulse 
response.  A better  result  that  would  work  is  to  use  a cascode  GAASFET 
pair  for  as  shown  in  Fig.  2.13  a).  Here  GAASFET  #1  is  used  in  the 
grounded-source  configuration  while  #2  is  used  as  a grounded-gate  amplifier 
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Fig.  2.13  Circuit  model  for  cascode  FLT  arrangement  illustrating  the  greatly 
increased  voltage  gain  of  a dual-gate  GAASFE1  compared  to  a single- 
gate. a)  Cascode  equivalent  circuit  for  a dual  gate  GAASILT. 
b)  low-frequency  (omitting  capacitances)  model  for  a),  c)  Equivalent 
circuit  for  b)  defining  tlie  equivalent  drain  resistance  and  equivalent 
transconductance  for  the  dual -gate  ?ET  or  cascode  arrangement,  ilote 
that 
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to  raise  the  output  impedance.  The  low-frequency  (ignoring  capacitances) 
equivalent  circuit  of  this  cascode  GAASFET  voltage  gain  stage  is  shown 
in  Fig.  2.13  b).  Solving  for  the  gain,  VQyy/Vjj^,  we  obtain 


-V, 


OUT 


^ml  ^*^01 


'IN 


'^Dl(3m2'^D2  ^2  \ 


(2.40) 


The  effect  of  the  cascode  arrangement  is  more  clearly  illustrated  by  the 
"equivalent  FET"  shown  in  Fig.  2.13  c),  where  the  two  GAASFET's  in  Figs. 
2.13  a)  and  b)  are  replaced  by  a single  cascode-equi valent  GAASFET  having 
transconductance  drain  resistance  In  terms  of  these 

parameters,  the  gain  will  be 


-V 

^ - V 


oyi 

IN 


= WcasC^L  " (^CAs) 


d'cas 


(in  analogy  with  Eq.  2.39).  From  the  analysis  of  Fig.  2.13  b),  we  obtain 
for  the  cascode  equivalent  transconductance 


(%)cAs ' f’  ■ '-'(W'di  * +')] 


and  for  the  cascode  output  (drain)resistance 


f'^D^CAS  *^01  ^V^D2  '^D2/*^D1 


(2.43) 


We  note  that  since  9^,2%]  considerably  greater  than  unity,  in  general 
la  ) 

CAS  will  be  only  slightly  smaller  than  g^^^ , while  the  oLtput  resistance, 
(Rq)c^^  will  be  much  larger  than  which  means  that  the  available  voltage 
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gains  will  be  much  higher.  For  example  if  we  take  for  typical  ly  gate 
GAASFETs,  g^^  = g^^^  " 0.015  mho  and  = Rp^  " 300fi  we  would  have  for 

a cascade  arrangement  ~ 0.0127  mho  and  (R[))p^2  ” 

the  open-circuit  voltage  gain  (R^  = “)  of  the  cascade  arrangement  would 

^^m^CAS  ^'^D^CAS  " opposed  to  g^^^Rp^  = 4.5  with  a simple 

grounded  emitter  stage  (a  15db  improvement  in  open-circuit  gain). 

While  the  use  of  a cascode  (grounded  source-grounded  gate) 

GAASFET  pair  in  place  of  in  all  of  the  preamp  designs  would  be  called 
for,  in  fact  it  is  not  necessary  to  bond  up  two  discrete  devices  for  the 
pair.  A "dual  gate"  GAASFET  operated  with  the  second  gate  grounded  is 
an  operational  equivalent  to  the  cascode  arrangement  of  single-gate 
GAASFETs  shown  in  Fig.  2.13.  (This  dual -gate  GAASFET  bears  the  same 
relationship  to  a single-gate  unit  as  a tetrode  or  pentode  vacuum  tube 
bears  to  a triode.)  Measurements  on  the  dual-gate  GAASFET  chips  indicate 
that  the  output  drain  resistances  are  of  the  ordered  of  the  2Kn  values 
predicted  by  Eq.  2.43  and  their  performance  in  the  gigabit  Mark  III 
preamps,  particularly  #8,  has  been  excellent.  It  should  be  noted  that 
from  a functional  standpoint,  the  "op-amp"  in  a Mark  III  preamp  (Fig.  2.12) 
with  a dual -gate  GAASFET  as  Q.j  is  effectively  a three-GAASFET  cascode- 
cascade  amplifier  (grounded  source-grounded  gate-grounded  drain  [source 
follower]).  The  low-frequency  open-loop  gain  obtained  in  GAASFET  preamp 
§8  is  approximately  20. 
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3.0  TECHNICAL  APPROACH 

3. 1 III-V  Alloy  Materials  Technology 

3.1.1  Materials  Selection 

The  desired  low  leakage,  high  quantum  efficiency  and  wide  band- 
width requirements  for  this  avalanche  photodiode  place  extremely  stringent 
limitations  on  the  materials  which  can  be  used.  The  most  important 
requirement  is  that  the  semiconductor  must  have  a direct  bandgap  with 
Eg  ~ 1.16  eV  so  that  the  photons  are  all  absorbed  within  a small  distance 
(2-3|i).  There  are  no  elemental  or  binary  compound  semiconductors  which 
can  satisfy  this  requirement,  thus  one  is  forced  to  use  a III-V  ternary 
alloy.  A diagram  of  energy  band  gap  vs.  lattice  constant  is  useful  for 
this  selection  because  it  shows  the  useful  alloys,  the  potential  substrate 
materials  and  the  degree  of  lattice  mismatch  between  them.  Such  a diagram 
is  shown  in  Fig.  3.1.  All  of  the  potential  III-V  alloy  combinations  are 
found  by  following  a line  of  constant  energy  gap  of  Eg  = 1.16  eV  across 
the  intersection  with  each  ternary  alloy  in  Fig.  3.1.  The  possible  choices 
are  as  follows:  Ga^In^„^As,  6aAs^Sb^_^,  InAs^P^^,  In^Al^_^As,  GaP^Sb^_^, 
InPj^Sbi_x>  requirement  of  a substrate 

which  is  transparent  at  1.06u  and  a reasonable  lattice  match  between 
substrate  and  epitaxial  layer  eliminates  all  but  the  first  three  choices. 

At  the  start  of  this  program,  InP  was  not  grown  domestically,  and  that 
which  v/as  available  was  of  very  low  quality,  thus  it  was  eliminated  in 
favor  of  GaAs  as  the  choice  for  substrate  material.  Of  the  above  three 
alloys,  only  Ga^In^_^As  and  GaAs^Sbj_^  will  grow  on  GaAs.  Both  of  these 
ternaries  have  been  grov/n  successfully  on  GaAs  and  the  choice  between 
these  two  alloys  reduces  to  the  one  which  has  fewer  interface  problems, 
better  chemical  homogeneity  and  fewer  device  fabrication  problems.  Since 
actual  device  fabrication  and  performance  are  the  best  measure  of  these 
quantities,  epitaxial  layers  of  both  Ga  In,  As  and  GaAs  Sb,  ^ were  grown 
and  devices  fabricated  from  both.  The  GaAs  Sb,  system  proved  to  be  the 

X I "’X 

better  system  for  our  devices  because  of  our  device  design.  With  the 
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inverted  mesa  structure  described  in  Section  2.2,  the  mesa  must  etch 
uniformly  with  no  sharp  etch  pits  or  surface  breakdown  will  occur  before 
any  bulk  avalanche  gain  is  achieved.  The  orientation  dependence  of  growth 
for  ternary  alloys  on  binary  substrates  was  the  determining  factor  in  our 
choice.  The  best  growth  face  for  Ga  In,  As  on  GaAs  is  the  <111>A  face 

A I **A 

while  that  for  GaAs  Sb,  is  the  <100>.  The  <111>A  face  is  the  surface 

A I **  A 

most  commonly  used  for  etch  pit  and  dislocation  studies  because  the  pits 
are  delineated  better  than  on  any  other  surface,  thus  the  mesa  etch  proved 
to  be  an  almost  insurmountable  problem  for  the  Gaj^In^_j^As  layers  and 
tipped  the  balance  in  favor  of  the  GaAs^Sb.|^^  system. 

3.1.2  Materials  Growth  and  Evaluation 

The  phase  diagram  for  GaAs^Sb^_^  has  been  reported  by  Antypas, 
et  al^^^^  and  Panish  and  Illegems. (12)  a computer  program  was  written  to 
solve  the  equations  describing  the  ternary  system.  The  approach  was 
identical  to  that  of  Panish  and  Illegems^^^^  in  which  both  the  liquid  and 
solid  are  treated  as  simple  solutions.  This  phase  diagram  formulation  is 
well  described  by  these  authors  and  there  is  no  need  to  restate  the 
equations  here.  The  values  of  the  parameters  used  to  fi.  the  ternary 
diagram  were  as  follows: 

TABLE  3.1 

GaAs  GaSb  Units 


1238 

710 

16.64 

15.8 

e.u./mole 

a 

5160-9. 16T 

4700-6. OT 

cal /mole 

“As-Sb  = 7^0 

®GaAs-GaSb 

2700 

cal /mole 
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The  Calculated  liquidus  lines  for  the  Ga  rich  corner  are  shown  in 
Fig.  3.2  and  calculated  and  experimental  points  for  the  coefficient  of 
GaSb  vs.  Sb  mole  fraction  in  the  melt  with  temperature  as  a parameter  is 
shown  in  Fig.  3.3.  This  calculated  phase  diagram  is  in  reasonable  agreement 
with  our  experimental  data  on  the  composition  of  epitaxial  layers  and 
it  has  proven  to  be  very  useful  to  determine  the  melt  composition  and  growth 
temperature  to  achieve  the  desired  solid  alloy  compositions  for  the  multiple 
layers  in  the  APD. 

From  the  data  on  the  energy  bandgap  vs.  composition  for  GaAs  Sb, _ 
in  Fig.  3.4,  a composition  of  ~ 16%  GaSb  (i.e.  x = .84)  is  required  for  the 
active  layer  of  the  avalanche  photodiode.  In  order  to  avoid  Sb  build  up 
and  compositional  changes  during  growth  it  is  desirable  to  gr'OW  the  ternary 
in  a region  where  the  Sb  mole  fraction  in  the  solid  does  not  change  rapidly 
with  temperature.  From  Fig.  3.3,  one  observes  that  temperatures  of  750°C 
or  higher  are  required.  We  have  elected  to  grow  at  775°C  with  a AT  of  ~ 5°C 
during  growth  of  the  epitaxial  layers.  The  increasing  GaSb  fraction  with 
decreasing  temperature  is  a desirable  feature  in  our  particular  device 
structure  because  the  buffer  layer  will  tend  to  be  graded  to  more  closely 

match  the  active  layer  and  reduce  the  number  of  edge  dislocations  at  the 

interface.  Since  both  p"*"  -n-n"^  and  n’*'  -p-p’*'  structures  are  required  to 
study  the  electron  and  hole  avalanche  multiplication  coefficients;  both 
p’*'  and  n’*'  GaAs  substrates  are  required  as  well  as  either  p or  n doping  for 
each  of  the  three  epitaxial  layers.  For  p-type  doping  7.n,  Ge  and  Si  have 

been  used  and  for  n-type  Sn  and  Te  have  been  used.  Ge,  Si  and  Sn  are 

particularly  useful  dopants  if  more  than  one  epitaxial  layer  is  grown  at 
a time  because  they  all  have  low  vapor  pressures  and  cause  a minimum  of 
cross  contamination  between  the  melts.  These  are  the  only  dopants  used 
in  the  APD  structure  because  a lightly  doped  region  with  a moderately  high 
breakdown  voltage  is  always  required  and  the  high  vapor  pressure  dopants 
would  preclude  the  growth  of  this  layer.  As  noted  above,  both  n’^'-p-p’*'  and 
p'^'-n-n'*'  structures  have  been  grown,  however,  for  simplicity,  further 
descriotions  of  the  growth  will  refer  only  to  the  p'*'-n-n'*'  structure.  For 
this  structure,  the  buffer  laver  is  Sn  doped  while  both  the  active  and 
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Fig.  3.4  Energy  bandgap  vs.  composition  for  the  GaAs(i,x)St>x 
alloy  system.  The  region  0.4<x<0.65  is  inaccessible 
because  of  a miscibility  gap  in  the  alloy. 
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contact  layers  are  6e  doped. 

The  epitaxial  layer  growth  for  any  of  the  three  layers  follov;s 
the  same  sequence  with  only  slight  variations  in  the  Sb  concentration  or 
the  dopant  to  achieve  the  desired  doping  level  and  alloy  composition.  The 
substrates  are  prepared  by  a standard  technique  of  mechanical  lapping  and 
polishing  with  successively  finer  grit  alumina  and  finally  a chemi-mechanical 
polish  using  Cabosil  and  10H20:1H202  in  an  oscillatory  polisher.  After 
removing  the  substrates  from  the  polishing  block,  they  are  cleaned  in 
trichloroethylene,  acetone,  water  and  methanol.  The  substrates  are 
etched  in  3H2S0^:1H202:1H20  just  prior  to  insertion  into  the  furnace. 

The  individual  melts  are  made  up  with  6 9's  Ga  and  5 9's  Sb  from  Alusuisse 
and  Asarco  respectively  with  between  10  and  25  atom  percent  Sb  depending 
upon  the  desired  solidus  composition  as  shown  in  Fig.  3.3.  Undoped  poly- 
crystal GaAs  is  used  as  the  As  source  for  saturating  the  melt.  The  substrate 
and  melt  are  raised  to  775°C  and  allowed  to  equilibrate  for  ~1  hr.  The 
melt  is  then  brought  over  the  substrate  and  the  furnace  temperature 
decreased  at  a rate  of  ~ l°C/min.  After  the  desired  temperature  drop, 
a second  melt  is  pulled  over,  then  the  final  melt  is  pulled  over  and  after 
the  desired  aT,  the  melt  is  pulled  free  from  the  substrate.  The  furnace 
is  then  cooled  to  room  temperature  and  the  structure  is  removed  for 
evaluation. 

After  the  structure  is  removed,  routine  evaluation  consists  of 

(14) 

cleaving  along  a <110>  plane  and  etching  for  2-3  sec.  in  the  A-B  etch'  ' 
to  delineate  the  junctions.  The  layer  thicknesses  are  then  measured  under 
an  optical  microscope.  Next,  "quick  diodes"  are  fabricated  by  etching  a 
mesa  with  a wax  dot  on  a portion  of  the  wafer.  Tungsten  probes  are 
contacted  to  the  diode  and  a photoresponse  measurement  is  made.  This 
measurement  shows  the  bandgap  of  both  the  buffer  and  active  layers  and 
can  then  be  used  as  feedback  on  control  of  the  epitaxial  layer  compositions. 

During  the  course  of  this  work,  considerable  effort  has  been 
expended  on  studies  of  the  microscopic  operation  of  the  APD.  One  of  the 
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grov/n  on  a GaAs  substrate.  The  melt  composition  for  each  epitaxia 
layer  was  Identical  but  growth  conditions  at  the  time  the  second 
melt  was  brought  over  the  substrate  caused  the  Sb  concentration  to 
dip  at  the  interface. 
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most  useful  tools  is  a scanning  electron  microscope  (SEM),  particularly  when 
combined  with  an  energy  dispersive  X-ray  detector  and  a beam  induced  current 
amplifier  and  monitor.  This  enables  us  to  measure  the  chemical  composition 
vs.  depth  in  the  epitaxial  layers,  the  current  collection  efficiency  and  multipli- 
cation as  a function  of  position  and  bias  voltage  and  to  correlate  these  with 
surface  features  and  defects  in  the  layers  to  determine  if  they  are  due  to  growth 
faults  (metallic  inclusions  or  precipitates)  or  substrate  originated  faults 
(dirty  substrate,  poor  wetting  or  high  dislocation  density). 

Studies  of  these  GaAsSb  heterojunction  APD's  and  comparison 
with  GaAs  homojunction  and  GaAlAs-GaAs  heterojunction  didoes  revealed 
that  the  quality  of  the  junction  is  adversely  affected  by  mismatch  between  the 
two  layers.  As  the  degree  of  mismatch  decreased,  the  junctions  improved. 

The  GaAsSb  diodes  did  not,  however,  show  the  improvement  we  expected  when 
we  went  to  a homojunction  GaAsSb  diode  (i.e.,  buffer  and  active  layer 
of  the  same  composition).  The  problem  with  this  sturcture  is  revealed 
in  the  X-ray  profile  of  Fig,  3.5.  This  is  a plot  of  the  Sb  X-ray  yield  vs.  posi- 
tion for  this  GaAsSb  homojunction  structure.  The  interface  between  the  two  layers 
shows  a sharp  drop  in  Sb  at  the  interface.  This  drop  is  coupled  with  a 
corresponding  increase  in  the  As  level  and  is  due  to  the  condition  of 
molt  non-equilibrium  when  the  second  melt  is  brought  over  the  substrate. 

This  makes  it  virtually  impossible  to  achieve  the  high  quality  junction 
required  in  the  APD  by  the  use  of  two  melts  to  grow  the  p-n  junction. 

The  solution  to  this  dilemma  has  been  to  grow  a true  GaAsSb 
hcnojunction  from  a single  melt  by  the  addition  of  dopant  during  the  growth. 

In  this  way,  the  layer  composition  remains  con'.tant  and  the  impurity 
incorporation  just  changes  from  n-type  and  p-type. 

This  dopant  drop  technique  imposes  a slight  modification  of  the 
original  device  design.  In  the  initial  device,  the  p-n  junction  was 
between  the  buffer  and  active  layers.  With  the  dopant  drop  technique,  the 
p-n  junction  occurs  midway  through  the  active  layer  as  shown  in  Fig  2.7. 

This  places  an  additional  constraint  on  the  active  layer  thickness.  In 
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Fig.  3.6  Graphite  slider  boat  used  for  "doping  drop" 

growths.  Top  slider  (small  insert  with  holes) 
is  where  the  dopant  is  placed  and  the  quartz 
push  rod  is  used  to  push  this  slider  back  to 
where  the  sets  of  holes  line  up  and  the  dopant 
drops  through  into  the  melt  to  change  the 
doping. 
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order  to  achieve  the  high  quantum  efficiency,  the  active  layer  must  be 
nearly  punched  through  to  the  buffer  layer  at  the  avalanche  breakdown 
voltage.  After  several  experiments  with  the  dopant  drop  technique  the 
required  growth  conditions  were  achieved. 

The  dopant  drop  technique  utilizes  a boat  much  like  our  earlier 
versions,  except  a small  shelf  is  built  into  the  top  of  the  slider.  The 
slider  i?  moved  with  a quartz  push  rod,  just  as  earlier,  except  that  now 
the  rod  is  pulled  to  move  the  slider  and  pushed  to  move  across  the  shelf 
holding  the  dopant.  This  boat  and  slider  arrangement  are  shown  in  Fig.  3.6. 

Once  this  doping  drop  technique  was  worked  out,  the  resulting 
APD's  exhibited  improved  leakage  and  avalanche  properties.  This  change  in 
the  growth  has  improved  the  device  performance,  however,  higher  avalanche 
gain  is  still  necessary  to  achieve  optimum  system  performance.  Present 
studies  of  avalanche  gain  non-uniformities  show  a high  correlation  with 
the  characteristic  surface  pattern  of  the  GaAsSb  heteroepitaxial  structures. 
This  pattern  is  shown  in  Figs.  3.7  and  3.8.  This  "basket  weave"  pattern 
is  aligned  along  <riO>  crystal ographic  directions  and  these  surface  features 
are  ~ 4000A  high.  This  pattern  is  a result  of  the  lattice  mismatch 
between  GaAsSb  and  the  GaAs  substrate  and  it  cannot  be  eliminated  as  long 
as  there  is  lattice  mismatch. 

The  results  of  this  work  strongly  suggest  that  the  area  of 
avalanche  gain  uniformity  in  closely  lattice  matched  structures  is  the  most 
promising  approach  to  the  low  uniform  avalanche  gain  problem  in  the  current 
structures. 

3 . 2 Fabrication  of  the  Ill-V  Alloy  Avalanche  Photodiode  Devices 

The  sequence  of  process  for  fabrication  of  the  device  is  shown 
in  Fig.  3,9.  Each  step  in  fabrication  must  be  processed  very  carefully 
to  avoid  unnecessary  problems  that  might  occur.  The  substrate  side  is 
chemi-mehcanically  polished  to  obtain  a mirror-like  surface.  A clean 
surface  of  the  sample  is  essential  before  metals  are  evaporated.  AuGe 
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Fig.  3.8  Interference  phase  contrast  photomicrograph  of  the 
surface  of  an  APD  structure.  These  surface  features 
are  between  1 and  2 fringes  which  corresponds  to  a 
height  of  2700  to  5400A. 


83 


<11 0> 


n ACTIVE  LAYER 


n CONTACT  LAYER 


SC57M6TRF 


p'  SUBSTRATE 


p BUFFER  LAYER 


A..  Metanization 
1 ) Layer  Side 


Apply  resist  and  photo  etch  5 iiijl 
circular  holes.  Evaporate  lOOOA 
of  AuGe. 

Remove  resist  lifting  AuGe  on  top 
of  resist  and  leaving  5 mil  circular 
dots  of  AuGe. 


Substrate  Side 

Apply  resist  and  photo  etch  15  mil 
circular  dots  with  50  mil  sojare 
outlines.  Evaporate  lOOOA  of  AgMn. 
Alignment  of  circular  dots  with 
AuGe  dots  on  the  layer  side  is  made 
on  an  Infrared  microscope. 


Remove  resist  lifting  AgMn  on  top 
of  resist  and  leaving  50  mil  square 
of  AgMn  with  15  mil  circular  holes. 

Alloy  AuGe  and  AgMn  at  500°C  for 
1 min. 


Layer  Side 

Apply  resist  and  photo  etch  4 mil 
circular  holes  over  the  AuGe  dots. 
Electroplate  1 ;jm  of  Au.  Remove 
resist  leaving  <1  mil  circular 
dots  of  Au  on  top  of  AuGe  dots. 


Substrate  Side 

Apply  resist  and  photo  etch  15  mil 
circular  dots  with  50  mil  square 
outlines  Electroplate  1 jum  of 
Au.  Remove  resist  ’eaving  Au  on 
top  of  AqMn  squares  with  a 15  mil 
circular  hole. 
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B.  Anti-reflection  Coating 

O 

Deposit  1450A  of  by  sputtering 
to  the  substrate  sid''.  Remove  Si3N4 
on  top  of  Ai!  by  scratching  the  sub- 
strate side  on  a paper  leaving  Si3N4 
inside  15  mil  circular  holes  only. 


C.  Mesa  Etch 

1)  Apply  resist  on  the  layer  side 
and  photo  etch  to  leave  6 mil 
dots  over  Au  and  AuGe  dots. 

Etch  mesa  through  n^  and  n layers 
and  part  of  p’*'  layer. 

Remove  resist. 


D.  Passivation 

Apply  surface  passivation. 


E.  Device  Mounting 

Cleave  the  wafer  into  individual 
diodes.  Mount  the  diode 


Fig.  3.9  Device  Fabrication  Procedure  for  the  Inverted 
Homo-Heterojunction  anche  Photodiode 
(starting  with  the  3-layer  epitaxial  growth 
structure  and  ending  with  the  APD  chips  ready 
for  mounting  or  packaging). 
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and  AgMn  are  used  on  n-type  and  p-type  GaAs  substrate  or  GaAsSb  layers 
respectively  for  metallization.  The  photolithographical  alignment  of  the 
metallization  pattern  on  the  substrate  side  to  the  metal  dots  already  on 
the  layer  side  is  made  using  a special  mask  aligner  under  the  infrared 
microscope.  In  the  transmission  mode  the  substrate  metallization  pattern 
and  the  circular  dots  on  the  layer  side  can  be  seen  at  the  same  time.  After 
alloying  the  metal  contacts,  the  ohmic  contact  resistance  is  checked,  Au 
is  electroplated  over  the  metal  contacts  to  protect  them  from  pressure 
contacts  or  thermocompression  bond  contacts.  The  electroplated  dots  are 
smaller  than  the  mesa  dots  to  prevent  Au  from  hanging  over  the  mesa  and 
shorting  the  diodes  when  undercutting  occurs  after  the  mesa  etch.  The  mesa 
surface  is  passivated  to  protect  the  exposed  p-n  junction  and  to  decrease 
the  surface  leakage  current.  To  obtain  maximum  quantum  efficiency,  Si^N^ 
is  deposited  over  the  light  entrance  window  on  the  substrate  side  for  the 
anti-reflection  coating.  With  a 1.06n  laser,  a reflection  coefficient  of 
0.1G%  is  measured  for  a 1450A  layer  of  Si^N^  on  the  GaAs  substrate.  Careful 
monitoring  of  the  etch  depth  is  important  to  obtain  the  desired  mesa 
geometry  which  reduces  electric  field  concentration  at  the  p-n  junction. 

The  depth  of  the  mesa  is  measured  under  a microscope  after  each  mesa  etch 
and  compared  to  the  layer  thickness  which  is  known  from  the  measurement 
of  the  cleaved  and  stained  edge  of  the  layer.  After  checking  the 
current-voltage  characteristics  and  spectral  responses  of  diodes,  they 
are  cleaved  into  individual  diodes.  Fig. 3. 10  shows  reflection  and  trans- 
mission photomicrograph  of  a diode  taken  through  an  infrared  microscope. 

The  diode  is  mounted  as  shown  in  Fig.  3.11  or  it  is  placed  into  the  hybrid 
microwave  preamplifier  package. 

The  new  50r^  microwave  APD  mount  shown  in  Fig.  3.11  is  smaller 
and  more  convenient  than  the  older  mount  described  in  Ref.  1 and  shown 
along  with  the  new  mount  in  Fig.  4.3.  The  mount  and  the  sample  mounting 
plate  are  designed  so  that  the  diode  will  be  exactly  over  the  spring 
loading  pin  and  will  make  contact  only  to  the  gold  contact  pad.  The 
general  geometry  gained  by  having  the  light  brought  in  through  the 
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Fig*  3.10  d)  RGflection  photograph  of  a diode  where  the  dark  circular 

dot  is  the  niesa  outline  and  the  inetal  contact  ii\  the  center. 

b)  Transmission  photograph  of  a diode  is  taken  by  the  infrared 
microscope  from  the  layer  side.  The  dark  square  area  is  the 
metal  contact  on  the  substrate  side.  The  larg#^  bright  circle 
IS  the  window  on  the  substrate  side.  The  dark  rircular  dot 
is  the  outline  of  the  mesa  and  metal  ronta^t  tu  the  contact 
layer. 
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Fig,  3.n 


1 


i 


New  Compact  50fi  Microwave  Mount  for  Inverted 
Heterojunction  Microwave  Avalanche  Photodiodes. 
Internal  LC  filter  attenuates  RFI  on  APD  bias 
power  supply.  Note  that  the  front  sample 
mounting  and  cover  plate  floats  at  the  APD 
substrate  bias,  so  exposed  metal  should  be 
covered  with  a suitable  insulation  if  danger 
of  accidental  contact  exists.  Fig.  4.3  shows 
a photograph  of  this  mount  with  an  APD  pulse 
response. 
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substrate,  out  of  the  way  of  microwave  signal  contacting  to  the  mesa, 
makes  effective  microwave  mounting  of  the  device  especially  convenient. 

This  package  gives  exceptional  signal  performance  with  very  little 
stray  capacitance  and  is  rugged  and  convenient  for  coupling  to 
optical  systems.  In  the  photograph  at  the  upper  right  of  Fig.  4.3,  the 
Microdot  APD  bias  connector  is  at  the  top  and  the  3 mm  male  OSM  signal  output 
connector  is  barely  visible  behind  the  sample  holder.  The  pair  of  3 mm 
OSM  female  connectors  at  the  left  and  right  comprise  a capacitively-coupled 
"test-loop"  as  described  in  conjunction  with  Fig.  3.22  or  3.23.  The  value 
of  Cq  connecting  this  test  loop  to  the  signal  output  line  is  Cq  = 4.5xl0"^^f 
for  this  package.  This  improved  package  was  used  for  both  of  the  50n-mounted 
APD's  delivered  under  this  contract. 

Another  method  of  device  fabrication  was  established 
for  structures  in  which  the  p-n  junction  is  on  the  surface  side  of  the 
active  layer  (rather  than  the  substrate  side).  In  this  geometry 
(as  in  the  homo-heterojunction  diodes  used  in  the  delivered  GAASFET 
receivers),  the  "normal"  mesa  etch  would  be  expected  to  give  surface 
electric  field  concentration  and  surface  breakdown.  The  proper 
geometry  would  be  to  make  mesas  etched  from  the  substrate  side. 

Two  techniques  for  obtaining  this  inverted  mesa  geometry  were  developed 
and  discussed  in  Monthly  Progress  Reports.  This  process  is  a delicate 
fabrication  procedure  compared  to  the  mesa  etching  process  from  the 
layer  side.  Fortunately,  it  was  found  that  with  proper  passi- 
vation techniques, mesas  etched  from  the  layer  side  (wrong  geoemtry 
foi  these  homo-heterostructure  diodes)  gave  the  same  measurement 
results  as  the  mesa  etched  from  the  substrate  side  (no  surface 
breakdown).  Therefore  this  inverted  mesa  fabrication  method  did 
not  prove  necessary  and  the  procedures  need  not  be  described  here  further. 
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3,3  Measurement  Techniques 

In  a program  of  this  type  involving  both  the  development  of  new 
device  technology  (in  the  heterojunction  III-V  alloy  detector)  and  new 
circuit  technology  (the  gigabit  GAASFET  transimpedance  preamp),  a key 
element  to  success  is  the  development  of  the  state-of-the-art  measurement 
techniques  with  which  to  monitor  progress.  In  this  work,  these  measurement 
areas  go  from  microscopic  properties  measurements  on  the  epitaxially 
grown  semiconductor  materials  through  electrical  and  optical  measurements 
on  the  fabricated  photodiodes,  and  from  specialized  measurements  of  key 
characteristics  of  GAASFETs  and  other  components  for  the  integrated 
preamps  to  detailed  stage-by-stage  measurements  on  the  preamps  to  determine 
the  key  parameters  and  predict  system  performance.  It  is  only  the  results 
of  detailed  testing  and  measurements  that  lead  to  an  identification  of 
problem  areas  and  provide  a basis  for  an  understanding  of  their  nature 
that  makes  it  possible  to  solve  them. 

3.3,1  Measurement  Techniques  Utilized  in  this  Work  but  Described 
Elsewhere  (with  References)" 

Far  too  many  different  measurement  techniques  are  employed  in 
this  work  to  discuss  them  all  in  detail  here.  Separate  subsections  here 
will  be  devoted  to  special  pieces  of  equipment  and  techniques  e.mployed 
in  this  work  that  have  not  been  discussed  in  previous  reports  (Rtfs,  1 
and  2).  Some  of  the  techniques  employed  which  have  been  discussed  else- 
where include: 

BASIC  MATERIAL  MEASUREMENTS  APPLIED  TO  EPITAXIAL  LAYERS: 

OPTICAL  absorption:  We  use  a Cary  14R  spectrophotometer  with 
beam  reduction  optics  to  measure  energy  gap  of  epitaxial  layers 
and  (by  a special  deconvolution  technique  (Refs.  7 and  10))  bandgap 
grading. 

PHOTOLUMINESCENCE:  We  use  a Jarrell  Ash  Model  78-466  1 meter 
Czerny-Turner  scanning  spectrometer  with  a cooled  S-1  pmt  detector 
to  measure  sample  photoluminescence  in  a cooled  dewar  excited 
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by  either  a Spectra  Physics  Model  125  50mw  6328A  HeNe  laser  or 
Metrologic  4416AHeCd  laser. 

HALL  EFFECT:  Carrier  mobilities  and  carrier  concentrations  in 

epitaxial  layers  can  be  determined  by  Hall  effect  measurements  with 
our  automated  system  described  in  Ref.  8 . 

IR  MICROSCOPE:  We  use  a Research  Devices  Model  D infrared 
microscope  to  examine  epitaxial  layers  for  inclusions,  etc. 

(Ref.  1),  as  well  as  check  on  device  processing. 

SEM  X-RAY  EMISSION  ANALYSIS  FOR  ABSOLUTE  COMPOSITION:  Special 
computer  codes  for  use  with  the  X-ray  analysis  capability  on  our 
ETEK  Autoscan  Scanning  electron  microscope  have  been  developed 
to  give  detailed  composition  (alloy  content  versus  position) 
data  on  a submicron  scale  (Refs.  2,  9 , 10). 

SURFACE  STUDIES:  Our  HP  5950A  ESCA  spectrometer  can  be  used 

for  surface  studies  on  epitaxial  layers,  particularly  for 
determining  the  surface  effect  of  such  processing  steps  as 
etching.  In  addition,  our  computer-controlled  Auger  electron 
SEM  can  study  surface  composition  on  a microscopic  scale  and 
measure  surface  potential  variations  over  a junction  region. 

MATERIAL  MEASUREMENTS  MADE  ON  DIODE  STRUCTURES; 

SEM  INDUCED  CURRENT:  We  use  our  ETEK  autoscan  scanning  electron 
microscope  for  junction  depletion  region  measurements  by  electron 
beam  induced  current,  in  conjunction  with  other  SEM  measurement 
techniques  (Refs.  2,9,10). 

THERMALLY  STIMULATED  CURRENT:  A TSC  measurement  system  sensitive 
to  10"^^  ampere  currents  can  be  used  to  identify  defect  levels 
in  the  depletion  region  of  reverse-biased  diodes  (Ref.  9). 

INJECTION  LUMINESCENCE:  The  same  spectrometer  used  for  photo- 
luminescence measurements  can  be  used  for  injection  luminescence 
studies  in  heterostructures  to  identify  where  recombination  is 
taking  place  (Ref.  9.) 
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CAPACITANCE-VOLTAGE  OR  CARRIER  CONCENTRATION,  n(x):  Our 
Materials  Development  Corporation  automatic  doping  profiler 
is  used  both  for  C-V  measurements  on  devices  and  for  capacitance- 
derived  doping  density  versus  depth,  n(x)  measurements  for  the 
epitaxial  photodiode  layers  on  a routine  basis. 

SPECTRAL  PHOTORESPONSE  (v  vs.  A):  Another  key  routine  evalua- 
tion made  on  the  photodiode  structures  is  the  quantum  efficiency 
versus  wavelength.  For  these  measurements,  our  Cary  14R 
spectrophotometer  is  operated  with  fixed  slits  and  a feedback 
control  over  the  light  source  power  derived  from  a special  "flat" 
detector  in  the  reference  compartment  (Ref.  1}  This  fixes  the 
number  of  photons/sec/cm  on  the  sample  (independent  of  wavelength, 
X)  so  that  the  photocurrent  versus  wavelength  curves  measured 
thru  a feedback  preamp  and  PAR  121  lock-in  are  relative  quantum 
efficiency  vs.  X curves.  A special  micropositioner  probe  plate 
is  used  so  that  measurements  can  be  made  on  photodiodes  at  the 
wafer  stage,  as  well  as  on  packaged  devices  (Ref.  1). 

ABSOLUTE  QUANTUM  EFFICIENCY:  Reference  photodiodes  for  measuring 

absolute  quantum  efficiency  (usually  at  1.064u)  have  been 
calibrated  from  NBS-standard  calibrated  thermopiles  using  the 
techniques  described  in  Ref.  1.  Our  standard  reference  photodiode 
is  an  EG&G  Model  SGD-100  silicon  guard-ring  diode  operated  at 
a 60  volt  bias  which  gives  a quantum  efficiency  of  Qg^^=20.2% 
with  our  Nd-YAG  laser  with  defocused  beam  (numerical  aperature 
of  light,  N.A.  ~ 0.2). 

3.3.2  Electrical  Measurements  on  Chip  or  Wafer  Devices 

One  of  the  inherent  difficulties  in  working  with  microwave 

semiconductor  devices  such  as  the  avalanche  photodiodes  or  GAASFET's 

involved  in  this  program  is  that  the  device  dimensions  become  very  small. 

In  some  of  the  dual-gate  GAASFET's,  bonding  pad  sizes  are  as  small  as 
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2 mils  X 2 mils  (50  microns  square;  even  in  some  of  the  silicon  bipolar 
transistor  chips  they  are  3 mils  square).  With  the  types  of  micropositioners 
we  have  employed  previously  in  this  work  (Ref.  1),  it  is  difficult  to  even 
hit  a spot  this  small,  let  alone  guard  against  an  accidental  slip  of  the 
probe  which  could  wipe  out  the  gate  in  a GAASFET  worth  $150.00.  Similar 
difficulties  are  found  in  doing  electrical  measurements  on  our  APD's,  some 
of  which  have  total  mesa  diameters  of  only  3 mils  (and  the  contact  area 
is  smaller  than  this). 

To  make  it  possible  to  work  with  such  small -geometry  devices 
with  safety,  the  precision  micropositioner  probe  station  photographed  in 
Fig.  3.12  was  designed  and  fabricated.  This  station  uses  Line  Tool  Company 
X-Y-Z  stages  with  1 mil /division  micrometers  on  each  of  the  four  main  probes, 
with  a ©-rotatable  vacuum  chuck  and  provision  for  a standard  Signatone  probe 
for  coarse  (substrate)  contact.  A B&L  Stereozoom  7 microscope  is  used  with 
this  station.  Most  device  electrical  measurements  are  performed  with  a 
Tektronix  576  curve  tracer  (either  for  transistor  characteristic  curves 
or  APD  leakage),  though  for  very  low  leakage  current  devices,  an  external 
power  supply,  current  amplifier  (transimpedance  type)  and  X-Y  recorder  can 
be  used  (Ref.  1). 

3.3.3  High-Frequency  Drain  Resistance  Measurements  on  GAASFET  Chips 

A specific  problem  encountered  in  the  GAASFET  preamp  work  is  the 
necessity  to  measure,  on  chip  devices,  the  high  frequency  drain  resistance 
(Rjj  in  Section  2.3.5)  or  open  circuit  voltage  gain  of  the  GAASFET.  Because 
R|j  values  (if  the  device  is  to  be  useful!)  are  much  highe*'  than  50  ohms, 
conventional  S-parameter  measurements  are  not  very  helpful.  To  solve  this 
problem,  a special  "active  probe"  was  designed.  The  circuit  diagram  for 
this  "active  probe"  is  shown  I'n  Fig.  3.13  . The  circuit  concept  is  to 
essentially  operate  the  GAASFET  into  an  open-circuit  load  with  a known 
ac  signal  voltage  applied  to  the  gate,  monitoring  the  drain  voltage  to 
measure  the  open-circuit  gain.  The  "open-circuit"  load  is  provided  by 
the  collector  output  resistance  of  a grounded  base  DN3250  PNP  silicon 
bipolar  chip  transistor  with  a 50fi  external  source  resistance.  The  collector 
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Circuit  diagram  for  active  probe  test  setup  for  measuring 
open-circuit  gain  of  GAASFET's-  The  hybrid  1C  chip,  0.200“ 
square,  is  mounted  near  the  end  of  the  probe  so  that  the  drain 
is  supplied  from  a high  impedance,  low  capacitance  current 
source. 
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resistance  under  these  conditions  is  much  higher  than  the  GAASFET  drain 
resistance.  The  drain  voltage  (ac  and  dc)  is  monitored  through  the  DN4209 
emitter  follower  (also  high  impedance).  An  AERTECH  A2S087  diode  chip  is  used 
to  protect  the  GAASFET  drain  from  overvoltage.  Of  course,  with  high 
impedances,  it  is  essential  to  minimize  capacitance,  so  all  of  the  above 
components  are  mounted  on  a 0.200  inch  square  hybrid  substrate  mounted 
about  1/2  inch  from  the  tip  of  the  micropositioner  probe  which  contacts  the 
GAASFET  drain.  On  the  GAASFET  gate  probe,  a small  MCL  Tl:l  wideband 
transformer  is  used  to  add  the  ac  signal  to  the  dc  gate  bias.  The  bias 
voltages  are  regulated  from  the  control-power  unit  on  the  right  of 
Fig.  3.13  , with  provision  for  setting  gate  bias  voltage,  drain  current  and 
drain-source  voltage  stabilization.  In  typical  measurements,  a 10  MHz 
internal  oscillator  is  used  for  the  generator  with  a GR1216-A  10  MHz  IF 
amplifier  unit  as  the  detector,  but  other  appropriate  RF  sources  and 
receivers  can  be  used.  We  have  obtained  good  correlations  with  our  Rp 
measurements  from  this  equipment  (Rp  = snd  the  device  performance 

obtained  when  measured  GAASFET  chips  were  employed  in  preamps. 

3.3.4  Scanning  Laser  Microscope 

The  key  APD  optical  measurements  of  quantum  efficiency,  quantum 
efficiency  uniformity  (spatial  response), pulse  response,  avalanche  gain 
and  gain  uniformity,  as  well  as  overall  receiver  performance  are  made  on 
the  optical  table  using  laser  sources  and  a scanning  light  microscope 
system.  The  optical  table  in  a Newport  Research  Corp.  MDL-RS-48-8  4 foot  x 
8 foot  pneumatically  isolated  table.  It  holds  three  lasers:  1)  a Quantronix 

112A  tungsten  (quartz-iodine)  lamp-pumped  CW  Nd-YAG  1.064u  laser  with  a 
model  305A  mode  selection  aperture  for  TEM^^  operation  (unpolarized)  and 
a model  302A  acousto-optic  mode  locker  for  273  MHz  modelocked  operation, 

2)  a Metrologic  ML  684  6328A  internally  modulable  (to  100  KHz)  He-Ne  laser 
and  3)  a CW  Radiation  Model  S-106  1.152p  He-Ne  laser.  Fig.  3.14  shows 
the  layout  of  the  optical  table.  The  1.152p  and  1.064p  beams  are  combined 
in  the  beamsplitter  near  the  1.064y  laser,  which  splitter  also  taps  off 
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Fig.  3.14  Diagram  of  the  optical  table  layout  used  for  this  work, 

including  the  1.06u  (modelocked) , 1.152p,  and  6328A.  lasers 
and  the  ssanning  light  microscope. 
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part  of  the  beams  for  the  beam  Intensity  reference  photodiode  (an  EG&G 
SGD-100).  These  two  beams  are  passed  through  the  1680  Hz  chopper  (if 
desired)  down  the  centerline  of  the  table,  joining  with  the  6328A  laser 
beam  in  the  second  beamsplitter.  Continuing  down  the  table  centerline 
is  provision  for  a focusing  objective  for  a high  speed  (GaAs,  ^Sb  ) 
reference  photodiode  in  a 50n  mount  for  use  with  a sampling  oscilloscope 
to  fine-tune  the  modelocker.  The  right  angle  path  takes  the  combined 
6328A,  1.064y  and  1.1 52p  beams  through  a single  spatial  filter  into  the 
scanning  light  microscope.  Getting  the  three  beams  simultaneously  through 
the  spatial  filter  requires  that  they  be  extremely  accurately  lined  up 
in  position  and  angle.  Special  precision-adjustable  mounts  are  used  on 
the  two  He-Ne  lasers  to  make  this  possible  (though  still  difficult). 

The  scanning  laser  microscope  system  is  shown  in  detailed  block 
diagram  form  in  Fig.  3.15  . The  purpose  of  the  system  is  to  be  able 
to  scan  a finely-focused  laser  beam  over  a sample  (usually  a photodiode) 
in  a TV-like  raster  pattern  and  to  be  able  to  measure  and  display  the 
spatial  valuations  of  the  desired  physical  parameters  of  the  samples. 
Quantities  which  could  be  measured  aro  things  like  optical  transmission, 
optical  reflection,  "dc  photoresponse",  chopped  light  photoresponse,  273  MHz 
modelocked  pulse  response,  etc.  Display  modes  include  intensity  modulation 
(brightness  proportional  to  photoresponse  [B  « P.R.],  differential  intensity 
modulation  [B  « (P.R.  - Zj^^p)],  contour  plotting  (of  P.R.  = (Z[^pp)^> 

^^REF^2*  *‘"^®s),psuedo-color  display  by  multiple  exposures  using 
optical  filters  with  variations  in  device  parameters  or  measured  quantity 
for  different  primary  color  exposures,  etc.  In  addition  to  these  TV-like 
display  modes,  "shift  modulation"  plots  involving  summing  the  photoresponse 
and  vertical  scan  signals  are  also  useful. 

In  order  to  accommodate  all  of  the  desired  operating  modes,  it 
is  necessary  to  have  a rather  sophisticated  electronic  system,  along  with 
a versatile  optical  system  capable  of  diffraction-limited  performance. 

The  optical  system  is  shown  schematically  in  the  upper  right  of  Fig.  3.15, 
and  a photograph  of  the  scanner  unit  is  shown  in  Fig.  3.16  . The  laser 
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beams  (0.6328ii,  1.064n  or  1.152y)  are  brought  into  the  scanner  through  a 
spatial  filter,  reflected  off  of  the  45°  mirror  and  passed  through  a 
convex  lens,  the  purpose  of  which  is  to  image  the  spatial  filter  pinhole  in 
the  "primary  raster  focus"  plane  (which  is  at  the  position  of  the  field  lens). 
The  beam  is  reflected  off  of  an  oblique  mirror  into  the  horizontal  galvano- 
meter mirror.  The  horizontal  galvanometer  is  a General  Scanning  G-108 
with  a 5mm  diameter  circular  mirror  (f^  = 1450  Hz)  mounted  with  its 
rotational  axis  45"  to  the  vertical.  The  beam  reflects  off  of  the  horizontal 
scanning  mirror  to  the  vertical  scanning  mirror  on  a G.S.  G-115  (f^=900  Hz) 
galvanometer  with  its  rotational  axis  horizontal  (perpendicular  to  the  exit  beam 
and  the  axis  of  the  horizontal  scanning  mirror).  The  separation  between 
the  two  scanning  mirrors  is  only  0.43";  keeping  this  separation  small  is 
required  for  the  field  lens  to  maintain  proper  illumination  of  the  objective 
under  all  scan  conditions.  The  primary  raster  focus  is  in  or  very  near  the 
plane  of  the  field  lens,  with  a raster  size  of  0.5"  x 0.5"  or  less  (typically 
10mm  wide  by  8mm  high  to  give  a 10  mil  by  8 mil  raster  on  the  device  with 
a 40x  objective  or  a 1 mil/major  division  display  on  the  CRT).  The  field 
lens  images  the  scanning  mirrors  into  the  input  aperture  of  the  objective. 
Usually  a neutral -density  filter  in  the  range  of  an  optical  density  of 
1 (10%  transmission)  to  4 (0.01%  transmission)  is  used  in  front  of  the 
objective  to  obtain  the  desired  signal  level.  Various  objectives  are  used, 
depending  on  sample  size,  from  2X  magnification  (demagnification  of  the 
raster  onto  the  subject)  up  to  20X  in  normal  microscope  objectives,  plus, 
as  shown  in  Figs.  3.15  and  3.16,  a 40X  0.5NA  long-working  distance  (1.7  cm) 
catadioptric  mirror  objective.  The  diffraction-limited  spot  size  of  a 
uniformly  filled  objective  of  numerical  aperture,  N.A.  is  given  by 


Ay  = 


1.22a 

N.A. 


(3.1) 


where  A is  the  wavelength  and  Ay  is  the  radius  of  the  first  dark  diffraction 
ring  or  diameter  of  the  central  bright  spot  at  the  37.7%  maximum  intensity 
point.  For  example,  the  40X  , 0.5  N.A.  objective  should  have  Ay  = 1.54n 
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(0.06  mils)  at  6328A  or  Ay  = 2.6u  (0.1  mil)  at  1.06u,  while  a 10X,0.25  N.A. 
objective  gives  twice  this  spot  size.  Other  commonly  used  objectives 
such  as  the  lOX,  0.i7  N.A.  (L.W.D.)  and  5X,  0.10  N.A.  microscope  objectives 
are  proportionately  poorer  (the  latter  gives  Ay  = 13u  [0.51  mils)  at  1.064y) 
in  resolution  but  are  useful  for  larger  samples. 


The  horizontal  and  vertical  scanning  galvanometers  are  driven, 
respectively,  by  G.S.  RAX-100  and  A-lOO  drivers,  the  latter  with  the  input 
retrace  "halfway  stepped"  to  give  the  same  half-cycle  resonant  retrace 
that  the  RAX-100  does  (see  waveforms  in  Fig.  3.15).  The  horizontal  scan 

generator  is  adju- cable  in  frequency  in  8 ranges  from  2 Hz  to  500  Hz  max 
or  a manual  (X|^gp)  position  adjust,  while  the  vertical  scan  generator  has 
11  frame  time-ranges  from  30ms  min  to  1 minute  min,  plus  manual  (Y^^p). 
For  high-resolution  photographs,  a one-shot  mode  with  a typical 
one  minute  frame  time  and  ~ 25  Hz  horizontal  rate  \/ould  typically  be  used 
(for  limited  signal  bandwidths  of  30  KHz  or  so;  wider  bandwidths  allow 
proportionately  higher  rates).  The  raster  size  may  be  adjusted  for  a 
given  objective  to  a desired  exact  scale  factor  display  with  the  ganged 
X and  Y gain  controls  leading  into  the  drivers. 


The  most  difficult  part  of  the  system  electronics  in  Fig.  3.15 
is  involved  with  the  processing  of  the  device  response  signal.  This  is 
best  illustrated  by  an  example,  and  the  case  shown  in  Fig.  3.15  is  for 
measuring  the  "dc"  (actually  dc  to  30’*'  KHz)  photoresponse  uniformity  of 
an  n"*"  substrate  - p"^  mesa  photodiode.  The  measured  device  is  biased  with 
a protected  supply  to  its  substrate  and  the  photocurrent  plus  leakage 
current  (Ip+I[^)  is  measured  with  an  appropriate  transimpedance  amplifier 
such  as  the  Keithley  427.  The  output  of  the  427  is  a low-impedance  voltage 
V = -Rp  (Ip+I|^),  typically  in  the  1 to  10  volt  range,  so  that  we  have  no 
need  for  the  input  differential  amplifie*'  unit  in  the  SLM  system.  This 
preamp  has  gains  from  xO.2  to  x500,  with  differential  lOM  inputs  and 

selectable  bandwidths  of  25  KHz,  250  KHz  and  about  4 MHz.  For  our  case, 
we  can  go  directly  into  the  baseline  restorer  unit,  the  purpose  of  which 
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is  to  subtract  off  the  device  dark  current  from  the  photocurrent  signal. 
("Current  bucking"  in  the  427  can  do  this  to  some  extent,  but  for  small 
photocurrent  signals  we  must  do  much  better.)  This  is  accomplished  in 
the  baseline  restorer  in  Fig.  3.15  by  determining  a time,  just  after 
scan  retrace,  when  the  laser  spot  is  not  on  the  sample  (Ip  = 0;  provision 
is  made  at  the  primary  raster  focus  for  an  occulting  plate  to  insure  this 
if  desired),  measuring  at  this  time  and  storing  it  with  the  sample-hold, 
and  then  subtracting  this  value  from  the  Ip+I[^  signal  during  the  rest  of 
the  horizontal  scan.  This  process  is  repeated  for  each  horizontal  scan, 
so  that  drift  of  does  not  interfere  with  the  system.  This  circuit 
can  also  be  used  as  a phase-sensitive  detector  if  the  sync  from  the  chopper 
is  inputted  to  the  sample-hold  instead  of  the  horizontal  scan  signal. 

Not  shown  in  Fig.  3.15  is  an  automatic  default  circuit  such  that  if 
no  sync  is  provided  within  20  seconds  or  so,  the  circuit  defaults  to  a non- 
baseline subtract  mode  (as  in  the  manual,  scan  mode). 

Having  subtracted  off  the  dark  current  signal,  we  are  still 
faced  with  one  additional  problem  in  obtaining  precision  quantum  efficiency, 
V,  versus  position  data.  That  problem  is  that  there  is  considerable  beam 
intensity  fluctuation  from  the  laser  source  (sometimes  up  to  20%  or  so 
from  our  Nd-YA6  laser).  Since  we  want  precisions  approaching  1%  in  tj, 
this  must  be  corrected  for.  We  accomplish  this  with  the  analog  divider 
(reference  beam  normalizer)  circuit.  Here  the  output  current,  of 

the  SGD-100  reference  photodiode  (which  monitors  beam  i .tensity  through  the 
beamsplitter)  is  converted  to  a near  -10  volt  level  by  adjusting  the 
reference  amplifier  feedback  resistance,  Rppp>  and  gain  factor,  K.  This 
reference  output  signal  is  applied  to  the  denominator  input  of  the  4 MHz 
analog  divider,  while  the  video  signal  (baseline  subtracted)  is  applied 
to  the  numerator  input,  giving  a beam-intensity-normalized  output. 

The  display  mode  selected  in  Fig.  3.15  is  an  intensity-modulated 
or  differential  intensity-modulated  display,  obtained  using  the  video 
differential  output  amplifier.  This  differential  amplifier  has  gain  ranges 
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from  xO.2  to  xlOO  and  has  both  a fixed  gain  video  output  signal  and  a continuously 
variable  gain  output  with  blanking  (-5V)  pulses  derived  from  the  hori- 
zontal and  vertical  retrace  intervals.  Usually  the  video  signal  is  applied 
to  whichever  input  of  the  differential  amplifier  is  required  to  make  the 
beam  brighter  with  increasing  signal  (positive  Z-axis  signal  for  the 
Tektronix  R5103/D10  display  unit  shown),  and  the  other  input  is  connected 
to  a variable  reference  voltage,  In  this  way  it  is  possible  to 

increase  the  gain  and  do  differential  intensity  modulated  displays  in  which, 
for  example,  black  on  the  display  might  represent  a 90%  quantum  efficiency 
and  bright  white  a 100%  quantum  efficiency  (rather  than  0%  to  100%). 

Another  convenient  mode  of  display  is  "shift  modulation",  where  the  fixed- 
gain  video  output  signal  is  summed  with  the  vertical  scan  generator 
signal  in  a differential  amplifier  Y plug-in  for  the  monitor  oscilloscope 
to  produce  a series  of  traces  representing  t?  vs.  x for  stepped  values  of  Y. 

This  can  be  used  simultaneously  with  intensity  modulation  to  accent  peaks. 

It  should  be  noted  that  while  normally  Polaroid  film  records  are  usually 
made  using  the  Tektronix  C5  camera  on  the  Tektronix  R5103/010  display,  we 
have  also  used  the  Tektronix  7613  variable-persistence  storage  oscilloscope 
for  temporary  display  of  these  grey-scale  images  from  the  SLM  with  good 
results.  (However,  the  Z-axis  input  polarity  is  reversed  so  that  the 
signal  and  blanking  polarities  must  be  reversed  from  Fig.  3.15). 

Another  display  mode  is  contour  plotting,  wherein  a comparator 
ib  used  to  trigger  a one-shot  to  put  a dot  on  the  screen  any  time  the 
normalized  video  signal  equals  the  reference  setting,  By  making 

a series  of  exposures  with  different  Zj^^p  values,  the  resulting  picture 
will  show  equal  quantum  efficiency  contours  for  the  device.  An  example 
of  the  application  of  these  display  modes  in  examining  surface  inversion 
problems  in  a commercial  (HP4220)  silicon  PIN  photodiode  from  6328A  SLM 
pictures  is  shown  in  Fig.  3.17.  Pictures  a)  and  b)  in  Fig.  3.17  are 
"straight"  intensity-modulated  (Zj^pp  = 0)  displays  of  6328A  quantum 
efficiency  at  zero  bias  and  20  volts  reverse  bias  respectively  (the 
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(c)  (d) 


Fig.  3.17  Scanning  light  microscope  micrographs  of  response  of 
a Si  photodiode  at  6328A.  (a)  and  (b)  intensity  modu- 

lated display  for  diode  at  0 and  20  volts  bias  respec- 
tively. The  dark  ring  indicating  no  response  is  the 
Ohmic  contact  to  the  diode,  (c)  and  (d)  are  a combined 
intensity  modulation  and  contour  mapping  display  of  the 
same  diode  at  0 and  20  volts  bias  respectively. 
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pictures  are  shown  rotated  90°  clockwise  from  the  display  orientation 
for  convenience;  the  10  div.  side  is  "X"  and  the  6 div.  "Y").  The  gold 
contact  circle  with  four  bonding  pads  and  the  gold  TC  ball  bond  to  the 
lower  pad  are  clearly  visible.  Pictures  c)  and  d)  are  combination  contour 
plots  and  differential  intensity  modulation.  Picture  c),  at  zero  bias  shows 
contours  at  = 0.1  (outer  line),  0.2,  0.5,  1,  2,  3 and  4 volts,  with 


REF  " ^ volts  for  the  differential  intensity  modulation  (DIM), 


Z 

in  Fig 


3.17  is  for  20  volts  reverse  bias  with  contours  for  Z 


1,  2,  4,  6 and  8 volts  and  Zp^p  = 8 volts  for  the  DIM. 


REF 

Note  how  the 


Picture  d) 
= 0.5, 


differential  intensity  modulation  pictures  bring  out  the  photcresponse 
irregularities,  while  the  constant  response  contours  show  quantitatively 
the  extent  of  the  silicon  surface  inversion  channel  response.  (For  example, 
from  picture  d)  we  can  see  that  the  photoresponse  to  uniform  illumination 
over  the  chip  in  this  HP4220  will  mostly  come  from  the  diode  area  within 
the  contact  at  zero  bias,  but  for  -20  volts  bias,  far  more  response  will 
come  from  the  surface  inversion  region  than  from  the  central  diode  region.) 


3.3.5  UHF  Avalanche  Gain  Measurements  with  the  Scanning  Laser 

Microscope 

While  the  examples  just  discussed  (Figs.  3.15  and  3.17) 
treated  the  use  of  the  SLM  system  for  "dc"  quantum  efficiency  measurements, 
this  system  is  also  very  useful  for  high  frequency  gain  and  uniformity 
measurements.  In  this  application,  the  laser  source  is  the  1.064u  Nd-YA6 
laser-operating  modelocked  at  a 273  MHz  repetition  frequency.  The  optical 
receiver,  followed  by  appropriate  50n  amplifiers  to  give  the  desired  signal 
gain,  feeds  the  input  of  a spectrum  analyzer,  operated  as  a narrowband 
receiver  tuned  to  the  fundamental  or  any  of  the  harmonics  of  the  273  MHz 
modelocked  pulse  repetition  frequency  that  lie  within  the  receiver  passband. 
For  example,  for  fundamental  detection  with  our  Tektronix  7L13  spectrum 
analyzer  plug-in,  the  center  frequency  is  adjusted  to  273  MHz,  phase  locked, 
and  the  frequency  span/division  setting  is  unlocked  from  the  resolution 
bandwidth  selector  and  set  to  0 KHz/div.  (fixed  tuned)  with  the  resolution 
bandwidth  set  at  30  KHz  and  the  30  KHz  video  filter  on.  The  7L13  is  used 
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in  the  "linear"  display  mode  and  the  "video  output"  pin  jack  to  the  7L13 
is  connected  to  the  positive  input  of  the  "input  differential  amplifier" 
of  the  SLM  system  (Fig.  3.15).  The  horizontal  scan  generator  output  from 
the  SLM  may  be  used  to  drive  the  horizontal  of  the  spectrum  analyzer  by 
using  the  horizontal  external  input  pin  jack  on  the  71.13  and  setting  the 
time/div.  knob  to  "EXT",  in  order  to  provide  a line  scan  display  on  the 
spectrum  analyzer  to  complement  the  SLM  display.  While  the  "video  output" 
from  the  7L13  is  a zero-center,  -50mV  bottom  and  -i-SOmV  top  output  format, 
this  doesn't  represent  a problem  in  the  SLM  system  as  long  as  the  "baseline 
restorer"  is  used,  as  this  will  add  the  necessary  50mV  to  produce  the  "zero 
volts  with  zero  light"  required  by  the  divider  (reference  beam  normal izer) 
circuit  for  proper  operation.  In  addition  the  baseline  restorer  will 
exclude  any  model ocker  drive  rf  leakage  which  may  happen  to  be  present  in 
the  receiver  output.  In  this  configuration,  the  SLM  system  operates  exactly 
like  the  "dc"  response  examples  described  previously, except  that  the  displayed 
parameter  is  the  high  frequency  quantum  efficiency  or  gain.  The  same  types 
of  display  options  are  possible. 

While  the  high  frequency  gain  measurements  using  the  SLM  system 
are  most  conveniently  utilized  with  either  50  ohm  packaged  devices  or 
completed  GAASFET  preamp  receivers,  we  have  also  been  successful  in  making 
these  measurements  on  unpackaged  wafer  devices  as  well.  The  approach  here 
was  to  develop  a micropositioner  probe  with  a very  small  50R  coaxial 
line  going  to  the  probe  tip  (the  tip  is  an  extension  of  the  center  conductor) 
and  a shield  ground  line  which  is  connected  to  the  device  substrate  through 
a blocking  capacitor.  While  the  arrangement  has  too  much  spurious 
inductance  for  transient  measurements,  the  sine  wave  response  is  quite 
adequate  for  gain  measurements,  even  at  frequencies  approaching  a gigahertz. 
The  most  serious  problem  with  this  measurement  is  that  there  is  considerable 
rf  leakage  from  the  modelocker  drive  signal  on  the  optical  table  and  this 
can  easily  produce  a larger  signal  than  the  photocurrent.  Fortunately, 
while  the  fundamental  (273  MHz)  and  2nd  harmonic  (546  MHz)  signals  are 
badly  swamped  out  by  this  rf  drive  interference,  there  is  very  little 
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interference  at  the  third  harmonic  (819  MHz;  actually  this  is  the  6th 
harmonic  of  the  acousto-optic  modelocker  drive),  and  we  have  had  excelienL 
results  obtaining  819  MHz  gain  and  uniformity  measurements  on  unpackaged 
devices  by  this  technique, 

In  addition  to  the  SLM  measurements  of  high  frequency  gain 
uniformity,  the  7L13  can  be  used  in  this  same  "narrowband  receiver"  mode 
to  measure  absolute  responsivity,  gain  and  N.E.P.  for  a receiver.  In 
these  measurements,  the  SLM  system  is  simply  used  in  "Manual"  X and  Y 
scan  modes  to  focus  the  attenuated  laser  beam  on  the  desired  gain  area  of 
the  APD,  The  spectrum  analyzer  output  is  connected  directly  to  the  Y-input 
of  an  X-Y  recorder,  with  the  X-axis  driven  from  the  APD  power  supply,  to 
give  gain  versus  V^pp  plots.  Usually  in  these  measurements  the  "LOG 
lOdb/div."  display  mode  is  utilized  so  that  the  divider  (reference  beam 
normalizer)  in  the  SLM  cannot  be  used, as  the  video  signal  is  not  proportional 
to  I . Figs.  4.6  and  4.21  were  recorded  in  this  way. 

r 

The  absolute  output  of  the  model ocked  laser  at  all  harmonics  may 
be  easily  calculated  from  the  dc  output  (average  photocurrent)  given  the 
shape  of  the  output  pulses.  Consider  a laser  having  repetition  frequency 
F (273  MHz  for  our  laser)  and  having  a short  output  pulse  shape  such  that  the 
Fourier  transform  of  a single  output  pulse  gives  an  envelope  with  magnitudes 
at  dc,  F,  2F,  3F,  etc.,  of  1.0,  f-j,  f2,  f2>  etc.  Here  (because  light 
intensity  cannot  be  negative)  the  various  f's  will  be  less  than  one. 

(However,  if  the  light  pulse  width,  aT,  is  considerably  shorter  than  the 
repetition  period,  T = 1/F,  the  coefficient  for  at  least  the  first  fev<! 
harmonics  will  be  very  close  to  1;  i.e.,  f-j  =*  1 for  aT«T.)  In  terms  of 
the  average  output  "photon  current",  the  laser  output,  ipj^  (t),  can 

be  described  as 
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Hence  the  rms  value  of  the  nth  harmonic  of  the  model ocked  laser  is 
given  by 


JV  f„ 


(3.3) 


where  is  the  dc  level  (this  equation  applies  to  either  the  "photon 
current"  in  the  beam  directly  or  to  photocurrent  in  any  linear  detector 
having  response  time  much  faster  than  AT).  For  frequencies  nf  less  than 
approximately  0.3/AT,  where  aT  is  the  pulsewidth,  we  have 
(ipl^  (rms)  “ ^ Igyg.  Hence,  we  can  calculate  the  absolute  rms  photo- 
current from  a dc  or  reference  photodiode  current  using  Eq.  3.3  and  hence 
obtain  the  absolute  responsivity  of  the  receiver  at  a given  harmonic  by 
measuring  the  signal  output  (usually  by  means  of  amplitude-calibrated 
reference  substitution  for  accuracy). 

3.3.6  Precision  Current-Protected  Avalanche  Photodiode  Power 
Supply 


One  of  the  problems  with  any  microwave-responding  semiconductor 
device  is  that  the  small  device  geometries  involved  usually  give  the  devices 
a somewhat  limited  ability  to  deal  with  gross  power  overloads.  This 
failure  mode,  sometimes  referred  to  as  "failing  the  smoke  test"  can  be 
avoided  in  these  small  avalanche  photodiodes  by  using  a carefully  current- 
protected  power  supply.  (This  is  because  the  device  power  dissipation 
is  Pr 


ted  power  supply.  (This  is  because  the  device  power  dissi^atic 
= Pl  + IpV^pQ.  where  Pj^  is  the  light  power,  or,  from  I = 


'D  ■ L ■ :^’APD’  " 

’’d  " hv  Vd)- 


With  n = .96,  M = 10,  hv  = 1.165eV  and  V^pp  = 120  volts. 


the  bias  power  term  is  a thousand  times  the  input  light  signal  term,  so  by 
"crowbarring"  the  bias  at  gross  P|^  overload,  we  save  the  device.)  Experience 
indicates  that  with  overload  protected  supplies  these  GaAs^^^Sb^  operate 
virtually  indefinitely  without  problems,  whereas  with  unprotected  supplies 
(batteries,  etc.),  it  is  usually  just  a matter  of  time  before  someone 
makes  a mistake  (forgetting  to  insert  the  beam  attenuator,  etc.)  that 
destroys  the  APD. 
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Figure  3.18  shows  the  schematic  diagram  for  a precision  current- 
protected  power  supply  which  can  give  up  to  200  volt  outputs  of  either 
polarity  and  has  provision  for  internally  monitoring  either  dc  output 
voltage  or  dc  output  current.  The  power  supply  is  based  on  an  INTECH  A-300 
high-voltage  op-amp  which  amplifies  a reference  voltage  taken  from  a tempera- 
ture compensated  zener  diode.  The  output  voltage  range  of  the  op-amp  when 
used  with  the  regulated  + 120  volt  supply  shown  in  Fig.  3.19  is  about 
± 115  volts,  but  since  only  one  polarity  is  required  at  any  given  time, 
higher  voltages  are  attained  by  adding  the  +90  volt  "boost  battery"  to  the 
op-amp  output  to  make  its  range  -25  to  +205  or  +25  to  -205  volts  when 
voltages  over  ± 115  volts  are  required.  Instantaneous  current  limiting 
is  provided  by  making  all  load  current  pass  through  the  feedback  resistance, 
Rp,  of  the  BB3521K  FET  op-amp  (connected  in  the  transimpedance  mode)  which 
floats  on  the  "high"  side  of  the  A-300  output  (i.e.,  at  the  supply  output 
voltage  with  respect  to  common).  Long-term  (many  u sec)  overcurrent 
protection  is  obtained  by  monitoring  the  dc  load  current  by  measuring  the 
voltage  across  Rp  (from  pin  6 to  the  "floating  common").  If  this  voltage 
exceeds  the  trip  point  voltage  setting,  V-j,  the  supply  output  is  crowbarred 
by  turning  on  the  triac  between  the  common  and  the  floating  common  by  means 
of  the  optical  isolator,  A 4 1/2  digit  digital  panel  meter  reads  the  output 
voltage  (0  to  ± 199.99  volts)  from  floating  common  to  ground,  and  can  also 
be  connected  across  Rp  to  read  load  current.  A more  convenient  approach, 
however,  is  to  have  a separate  meter  between  pin  6 of  the  BB3521K  and 
floating  common  with  different  series  resistances  for  scales  of  50mV  to 
10  volts  full  scale,  allowing  simultaneous  readings  of  load  current  (to 
small  values)  and  supply  voltage. 

3.3.7  Digital  Processing  Oscilloscope  System 

The  most  important  tool  utilized  in  the  checkout  and  evaluation 
of  the  hybrid  integrated  GAASFET  optical  receivers  is  our  Tektronix  Digital 
Processing  Oscilloscope  system.  This  system  utilizes  all  of  the  versatility 
of  a Tektronix  7704A  four  plug-in  oscilloscope  as  a data  acquisition 
input  to  a computer  mounted  on  the  scope  cart.  The  computer  is  a PDP  11/05 
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TRIAD 


REGULATED  + 120  VDC  SUPPLY 


MJE  351  +120  VDC 


Fig.  3.19  Regulated  + 120  Vdc  power  supply  for  use  In  the  APD  supply 
of  Fig.  3.T8. 
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with  a 24K  (16-bit  word)  memory  with  interfaces  to  a Tektronix  4010-lD 
graphics  terminal  as  well  as  the  P7001  processor.  A Tektronix  4911  (Remex) 
high  speed  paper  tape  reader-punch  is  used  to  input  or  store  software 
or  data.  The  P7001  processor  stands  between  the  upper  (display)  section 
and  the  lower  plug-in  (signal  acquisition)  section  of  a conventional 
Tektronix  7704A  oscilloscope.  The  P7001  contains  high  speed  analog  to 
digital  converters  to  digitize  signals  from  the  plug-ins  and  a 4K  (10-bit  word) 
memory  divided  into  four  waveforms  (A,  B,  C and  D).  Each  waveform  consists 
of  512  values  of  the  measured  vertical  signal  (i.e.,  512  horizontal  points) 
measured  with  10-bit  accuracy  (1024  vertical  resolution  elements).  Along 
with  each  wavefonri  is  stored  the  scale  factor  and  zero  reference  information 
required  to  make  the  waveform  meaningful.  The  P7001  contains  a digital 
to  analog  converter  (display  generator)  which  allows  the  7004  to  display 
either  the  input  analog  signal (s)  or  one  or  more  stored  waveforms  or  both. 

The  processor  waveforms  may  be  transmitted  to  the  computer  memory  (in 
correspondingly  named  arrays;  A,  B,  C and  D)  by  either  front-panel  or 
program  control . 

The  power  of  the  DPO  system  comes,  on  the  analog  side,  from  the 
selection  of  plug-ins  for  the  7704A.  We  regularly  make  use  of  such  real- 
time plug-ins  as  7A26,  7A22  and  7A11  vertical  amplifiers  and  7B70  and 
7B71  time  bases  along  with  a 7D12/M1  digital  multimeter  plug-in  to  monitor 
bias  voltage,  temperature,  etc.  For  sampling  work  we  use  a 7S12  time 
domain  ref  lactometer  and  7S11  vertical  sampling  plu>ins  with  S-6  or 
S-4  samplers  with  either  an  S-52,  25pS,  250mV  pulse  generator  head  for 
TDR  or  preamp  response  tests  or  an  S-53  trigger  recognizer  for  sampling 
modelocked  pulse  response,  etc.  In  addition,  the  7L1?  spectrum  analyzer 
can  be  used  with  the  DPO,  although  it  is  usually  used  with  the  Tektronix 
7613  variable  persistence  storage  oscilloscope  as  in  Fig.  3.20.  The 
test  equipment  shown  in  this  figure  is  what  is  typically  used  in  the  stage- 
by-stage  testing  of  one  of  the  GAASFET  preamps.  The  equipment  shown 
includes  (from  far  left  to  far  right),  the  4010-1  terminal  for  the  DPO, 
the  76!3  oscilloscope  with  7L13  spectrum  analyzer,  the  DPO  cart  with 
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7704/P7001  (with  sampling  plug-ins)  on  top  and  the  POP  11/05  on  bottom, 
the  HP435C  power  meter  used  in  noise  measurements,  a Tektronix  TM504 
measurement  system  with  DC505  counter,  F6502  waveform  generator,  PG502 
250  MHz  pulse  gene>"ator  and  PG506  calibration  generator,  GAASFET  Preamp  #8 
with  power  supply-controller  unit,  and  a B&L  Stereozoom  7 microscope 
probe  station  for  open-package  probe  measurements  (a  dangerous  procedure 
used  only  when  absolutely  necessary). 

Much  of  the  saving  in  time  and  expansion  in  measurement  capability 
realized  in  using  the  DPO  system  comes  from  the  convenience  and  power  of  the 
system  software.  The  TEK  BASIC  software  for  the  DPO  system  is  an  extension 
of  BASIC  oriented  towards  applying  the  DPO  measurement  capabilities  to 
electrical  engineering-type  problems.  It  is  a fairly  large  software 
package,  requiring  nearly  16K  of  the  24K  of  core  available  in  our  PDP 
11/05  computer,  but  the  sophisticated  command  structure  means  that  relatively 
little  additional  space  is  required  for  user  programs.  The  software  contains 
four  permanently  defined  arrays  (A,  B,  C and  D)  corresponding  to  the  P7001 
processor  waveforms  (which  are  called  PA,  PB,  PC  and  PO  in  the  language). 

The  command  "LET  A = PA",  for  example  causes  waveform  A of  the  processor 
to  be  transferred  into  computer  array  A with  the  correct  vertical  scale 
factor  and  zero  reference  values  noted  so  that  absolute  values  of  voltage 
(or  whatever)  for  each  of  512  horizontal  points  are  obtained  in  A (including 
interpolation  of  points  missing  in  PA).  Arithmetic  operations  may  be 
performed  "en  mass"  on  the  array  with  a single  command,  such  as  "LET  C=log(D)" 
or  "LET  PA=A-B",  which  subtracts  array  B from  array  A and  sends  the  result 

to  the  processor  waveform  A for  display.  The  software  allows  direct  manipu- 
lation of  the  scale  factors  for  the  processor  display  without  interfering  with 
the  computer  waveform  (i.e.,  a trace  stored  at  lOnS/cm,  5mV/cm  can  be  displayed 
at  1 nS/cm,  ImV/cm  with  selectable  starting  point  for  expansion). 

While  the  convenient  waveform-handling  format  facilitates  the 
use  of  the  DPO,  it  is  the  power  of  the  software  system  commands  which  makes 
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the  system  so  powerful.  For  example,  the  command  "AVERAGE  PA,  1024" 
signal  averages  the  waveform  1024  times  to  extract  the  repetitive  signal 
from  the  random  noise.  The  command  "INTEGRATE  A,  B"  integrates  waveform 
A and  places  the  resulting  integral  waveform  in  B,  taking  proper  a',.'ount 
of  horizontal  scale  factors  and  units.  Similarly  "DIFFERENTIATE  C,  D,  1" 
carries  out  the  derivitive  with  a two  point  or  three-point  algorithm  with 
step  size  selected  by  the  final  "1".  The  command  FFT  A,  PC,  PD  takes  the 
Fourier  transform  of  A,  displaying  the  real  and  imaginary  parts  of  the 
result  in  processor  waveforms  C and  D (and  it  accomplishes  this  512  point 
FFT  in  2.5  seconds).  Similarly,  FFT  A,  PC,  PD,  POL  does  the  FFT  of  a 
pulse  transient  response  in  A with  the  magnitude  and  phase  of  the 
frequency  response  (respectively)  displayed  in  C and  D.  Similarly,  the  IFT 
command  can  be  used  to  go  from  a frequency-domain  response  to  a time 
domain  response.  The  command  "CONVOLVE  A,  B,  PC,  PD"  might  be  used  to 
convolve  an  input  pulse  waveform.  A,  with  the  5-function  (impulse)  response 
of  a circuit,  B,  to  give  the  output  pulse  waveform  from  the  circuit 
(displayed  in  waveforms  C and  D).  SimHarly,  CORRELATE  is  a single  command 
in  TEK  BASIC.  In  addition  to  the  P7001  display  capability  via  the  7704 
oscilloscope  screen,  the  command  "GRAPH  PA,  PB"  draws  a reproduction  of  the 
CRT  face  on  the  4010  terminal  storage  screen  and  graphs  the  two  processor 
waveforms  within  this  graticule.  More  general  graphics  capability  is 
provided  by  the  "PLOT"  command.  While  TEK  BASIC  contains  many  other 
important  special  functions,  etc.,  the  examples  cited  illustrates  what 
the  system  can  do  and  how  easy  it  is  to  get  it  to  do  it,  and  should  be 
sufficient  to  allow  a reader  with  some  familiarity  with  BASIC  to  understand 
the  workings  of  the  various  user  programs  listed  in  Appendix  A. 

3.3.8  Application  of  the  DPO  System  for  Gigabit  Preamp  Noise 

Measurements 

In  Section  2.1.3  the  communications  system  performance  of  an 
avalanche  photodiode  receiver  was  related  (Eq.  2.20)  to  the  "minimum 
detectable  current  pulse",  N^  of  the  preamp  (the  number  of  electrons  in  a 
charge  impulse  required  to  make  the  peak  output  voltage  equal  the  rms 
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noise  output).  is  given  by 

^ " q(WQl^  (electrons)  (2.19) 

where  is  the  rms  noise  output  and  (V/Q)p  is  the  "pulse  gain"  or  ratio 
of  peak  output  voltage  to  the  charge  in  the  input  pulse.  Hence  to  measure 
Nq,  we  must  measure  both  this  pulse  gain,  (V/Q)p  and  the  rms  noise  output 
Vno  for  the  preamp.  Techniques  for  accurately  measuring  both  of  these 
quantities  using  the  Digital  Processing  Oscilloscope  (DPO)  system  have  been 
developed  and  are  described  here. 

3. 3. 8.1  Noise  Histogram  Analysis  for  Predicting  Receiver  BER 

In  fact,  simply  measuring  the  rms  noise  output,  v^^,  for  a preamp 
is  not  sufficient  to  guarantee  its  performance  in  low  bit  error  rate  (BER) 
optical  communcations.  The  assumption  that  is  made  in  the  analysis  of 
Sections  2.1.2  to  2.1.4  is  that  the  noise  is  Gaussian,  that  is,  defined 
by  the  probability  distribution  or  probability  density 

P(V)  = e (3.4) 

(the  probability  of  measuring  the  voltage  in  any  given  range  is  obtained 
by  integrating  P(V)  over  that  range,  as  in  Eq.  2.7).  The  quantity  a is 
the  standard  deviation  of  the  distribution;  for  pure  Gaussian  noise,  we  have 

that  is,  a is  just  the  rms  value  of  V-V.  The  communcations  performance 
of  the  receiver  is  dependent  on  the  probability  distribution  "far  out  in 
the  wings"  (of  the  order  of  5 standard  deviations  from  the  mearjs  whereas 
most  of  the  probability  density  that  defines  the  rms  of  a distribution 
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is  within  2 standard  deviations  of  the  mean.  This  means  that  two  noise 
distributions  might  have  the  same  rms  noise  but  give  greatly  different 
error  probabilities  "out  in  the  wings"  at  the  10"  to  10’  BER  range. 

Hence  it  is  highly  desirable  to  be  able  to  test  whether  the  output  noise 
is  in  fact  Gaussian,  with  probability  densities  in  the  wings  equal  to  those 
predicted  from  Eq.  3.4  with  a = v^^. 

The  probability  density  or  probability  distribution,  P(V),  can 
in  effect  be  experimentally  measured  for  a preamp  by  constructing  a noise 
histogram.  For  the  wideband  preamp  measurements,  this  is  accomplished 
using  the  same  50  ohm  amplifiers  after  the  preamp  and  the  same  S-6  sampler 
head  in  the  7S11  sampler  that  are  used  in  the  time  response  measurements 
(Section  3.3.10),  so  that  even  if  small  gain  calibration  error?  exist, 
the  same  gains  are  used  for  v^^  and  (V/Q)p  so  that  the  value  will  be 

correct.  The  procedure  is  to  sample  the  random  noise  output  of  the  preamp 
with  the  S-6  sampler  at  random  intervals,  constructing  a histogram  of  the 
number  of  times  each  discrete  voltage  range  was  measured  from  a large 
number  of  such  samples. 

The  TEK  BASIC  program  for  carrying  out  this  noise  histogram 
measurement  on  the  DPO  is  listed  in  Appendix  A. 6,  lines  100-181.  A randomly  - 
sampled  noise  waveform  in  the  P7001  consists  of  512  horizontal  points  with 
a 10  bit  number  (1024  vertical  resolution  elements)  describing  the  noise 
voltage  measured  at  each  point.  For  the  noise  histogram  we  specifically 
select  the  7S11  voltage  range  so  that  all  points  measured  fall  within  a 
± 2.5  cm  CRT  deflection, which  corresponds  to  ± 256  vertical  resolution 
elements  from  center  screen.  The  stored  noise  waveforms  are  in  array  B 
in  the  program,  while  in  lines  130-140,  array  A is  set  up  as  a noise 


^ Because  the  noise  is  truly  random,  it  is  essential  to  have  the  "dot 
response"  or  sampler  loop  gain  of  the  7S11-S4  sampler  combination 
accurately  adjusted  to  unity.  This  is  accomplished  according  to  the 
procedures  described  in  the  Tektronix  manual  for  the  7S11. 
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histogram  array  (and  initialized  to  zero),  with  each  horizontal  address  in  A 
(from  0 to  510)  corresponding  to  a vertical  resolution  element  in  the 
sampled  noise  waveform  (B).  Then  each  horizontal  (time)  address  in  the 
stored  noise  waveform  is  examined  and  one  count  is  added  to  the  horizontal 
address  of  the  histogram  array  which  corresponds  to  that  voltage  (line  172). 
Hence,  if  a value  of  zero  volts  were  measured  ac  that  point  in  the  noise 
waveform,  a count  of  1 would  be  added  to  element  256  of  the  noise  histogram 
waveform  (this  is  the  element  corresponding  to  the  left-right  center  of 
the  display  screen  which  we  take  as  0 volts  for  the  display,  with  + noise 
excursions  to  the  right  and  - noise  excursions  to  the  left).  Similarly, 
for  each  of  the  samples  in  the  stored  noise  waveform,  a count  is  added  to 
the  element  of  the  histogram  array  corresponding  to  the  measured  voltage. 

This  process  is  repeated  for  many  noise  waveforms  until  a highly  statistically 
significant  noise  histogram  is  built  up.  Typically,  from  10^  to  10^  total 
points  are  taken  for  the  histograms  as  this  is  required  to  verify  the 

~5 

extreme  "wings"  of  the  distribution  corresponding  to  error  rates  of  10 

-6  4 

to  10  . Reasonably  accurate  RMS  noise  values  can  be  obtained  with  10 

or  fewer  points,  however,  if  that  is  all  that  is  desired.  (Processing 

time  is  about  1500  points  per  minute.) 

The  rms  noise  is  calculated  from  the  completed  noise  histogram 
(in  array  A)  by  the  program  listed  in  Appendix  A. 6,  line  numbers  200-240. 

This  program  goes  through  the  noise  histogram,  voltage  slot  at  a time 
(J  from  0 to  511),  and  if  there  are  S counts  in  a voltage  slot  J,  then  S 
counts  are  added  to  the  total  counts  sum,  N,  S(J-256)  counts  added  to  the 
first  moment  count,  N^,  and  S(J-256)  counts  added  to  the  second  moment, 

N2*  After  going  through  all  the  J values,  we  have  that  the  total  number  of 
measured  points  is  N,  the  mean  value  of  the  distribution  is  MI  = Ni/N 

j — m 1 

and  the  rms  noise  is  RI  =yN2/N  - MI  resolution  elements  (converted 
to  voltage  by  the  horizontal  scale  factor). 

Given  the  noise  histogram  and  the  exact  root  mean  square  noise 
of  the  distribution,  we  would  like  to  be  able  to  see  how  accurately  the 
distribution  corresponds  to  a Gaussian  distribution,  particularly  in  the 
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wings.  The  program  listed  in  Appendix  A. 7,  line  numbers  300-364,  does  this 
comparison.  Line  numbers  300  to  312  generate  in  array  B the  log  of  a 
slightly  smoothed  version  of  the  original  distribution.  The  log  is  used, 
of  course,  in  order  to  be  able  to  see  the  probability  densities  "out  in 
the  wings",  hardly  visible  in  a linear  histogram  display,  with  the  same 
relative  resolution  with  which  you  see  the  distribution  peak.  The  rest 
of  the  program  is  used  to  calculate  for  comparison  an  exact  log  of  a 
Gaussian  distribution  in  array  C,  i.e.,  of  the  form  (from  Eq.  3.4). 


log  P = 


(3.6) 


In  lines  316  to  328  K^,  the  height  of  the  log  distribution  at  the  center 
is  determined  from  the  log  distribution  in  B by  averaging  over  the  +0.3  a 
range  (and  adding  0.015  to  correct  the  average  to  peak).  The  calculated 
log  Gaussian  is  then  obtained  in  lines  330-350  using  for  o,  the  rms  of  the 
distribution  obtained  in  the  previous  program,  RI.  Comparing  the  experi- 
mental log  histogram  (in  B)  and  the  calculated  Gaussian  log  histogram 
(in  C)  shows  very  clearly  whether  the  measured  noise  is  Gaussian. 

An  example  of  the  application  of  these  three  programs  is  shown 
in  Fig.  3.21.  This  10^  sample  noise  histogram  was  measured  for  GAASFET 
Preamp  §6  at  = 80  volts  (dark)  thru  cascaded  B&H  (3  GHz)  preamps  with 
a gain  of  77.2  into  the  S-6  sampler  with  the  7S11  set  to  the  50  mV/cm 
scale  (and  dot  response  adjusted  to  unity  gain).  The  bell-shaped  histogram 
curve,  with  zero  four  divisions  below  center  is  displayed  at  2500  counts/cm 
vertical,  25mV/cm  horizontal  (512  total  horizontal  bins).  The  log  curves. 


^ The  smoothing  subroutine,  lines  2200  to  2212,  approximates  convolving 
the  histogram  in  A with  a Gaussian  "window  function"  with  a 1.5  element 
standard  deviation,  with  the  smoothed  result  in  waveform  D. 
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Fig.  3.21  10°  Sample  Noise  Histogram  Measured  for  Mark  III 

GAASFET  Preamp  #6  at  V/\p0  = 80  volts  Through 
Cascaded  B&H's.  Histogram  (lower  curve,  zero  at 
bottom)  displayed  at  2500  counts/cm  vertical. 
Horizontal  for  all  curves  is  25  mV/cm,  positive 
to  right,  zero  center.  The  log  of  the  experi- 
mental distribution  and  the  calculated  log  curve 
(Kq  = 9.628,  a = 12.96  mV)  are  displayed  at 
el. 535  per  cm.,  or  1.5  divisions  vertical  equals 
1 decade. 
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1 535 

displayed  with  zero  at  3 div  below  center  and  e ' per  centimeter  vertical, 
have  one  decade  in  probability  density  equal  to  1.5  cm  vertical  (i.e., 
the  6.8  cm  difference  between  the  peak  and  the  lowest  log  values  corresponds 
to  a difference  in  measurement  probability  of  3x10^).  The  rms  value  of  the 
noise  histogram  was  calculated  to  be  26.54  elements  or  12.96mV.  Taking  this 
value  for  a and  taking  = 9.628  (e^°  = 15,180  counts  for  the  averaged 
peak),  the  theoretical  log  Gaussian  curve  was  calculated  and  displayed 
in  Fig.  3.21  , superimposed  over  the  experimental  log  distribution.  As  can 
be  seen  in  the  figure,  the  experimental  log  distribution  follows  almost 
exactly  the  calculated  log  Gaussian  curve  down  to  the  last  few  counts  in 
the  wings  of  the  distribution.  This  means  that  the  noise  is  almost 
perfectly  Gaussian  and  the  analysis  of  Section  2.1.2  to  2.1.4  should 
accurately  predict  the  receiver  communications  performance.  Noise  outputs 
measured  using  this  technique  have  given  excellent  agreement  with  rms 
noise  values  measured  using  our  HP435A  (with  8481A  Sensor)  power  meter. 

3. 3. 8. 2 Use  of  the  DPO  System  for  1/f  Noise  Characterization 

The  noise  analysis  in  the  previous  section  is  based  upon  making 
an  amplitude  histogram  of  randomly-timed  samples  of  the  noise  output. 

At  sufficiently  low  frequencies,  we  can  take  time-sequential  noise  output 
samples  and  infer  from  this  the  frequency  spectrum  of  the  noise.  In  the 
DPO  system,  one-shot  sampling  at  a rate  of  0.5mS/cm  will  obtain  virtually 
a complete  512  point  waveform,  corresponding  to  a Nyquist  frequency  of 

51.2  KHz.  Of  course,  for  accurate  noise  spectra,  frequencies  above  the 
Nyquist  frequency  must  be  filtered  out  as  the  short  sampling  times  in  the 
P7001  will  alias  noise  components  of  hundreds  of  MHz.  The  program  listed 
in  lines  400-440  carries  out  this  noise  spectral  density  by  averaging 

the  magnitudes  of  the  Fourier  transforms  of  many  one-shot  noise  waveforms. 
This  low-frequency  noise  spectrum  shows  clearly  the  1/f  preamp  noise  plus 
any  discrete  interference  frequencies  (from  power  supply  ripple,  etc.) 
which  may  be  present  in  the  preamp  output.  For  more  general  noise  spectral 
density  measurements,  at  higher  frequencies,  the  7L13  spectrum  analyzer  is 
used. 
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3.3.9  Absolute  Noise  Spectral  Density  Measurements  Using  the 

Tektronix  7L13  Spectrum  Analyzer 

While  it  is  the  total  rms  voltage  noise,  and  the  shape 
of  its  probability  density  that  is  most  relevant  to  the  optical  communica- 
tions performance  of  a preamp,  total  noise  gives  little  information  about 
where  the  noise  is  coming  from.  Noise  spectral  density  measurements,  on 
the  other  hand  (as  illustrated  in  the  feedback  preamp  noise  analysis  in 
Section  2.3.2)  give  detailed  information  about  the  noise  mechanisms  and 
preamp  parameters.  What  we  need  is  to  obtain  absolute  noise  voltage  spectral 
density  {volts/ZHz”)  data  from  spectrum  analyzer  measurements.  We  can  use 
this  data  to  compare  with  the  noise  model  (e.g.,  listing  in  A. 2)  to  determine 
critical  noise  parameters  and  to  calculate  N.E.P.  at  any  given  frequency, 
or,  if  we  integrate  the  noise  curve  (squared),  we  can  obtain  the  total 
preamp  noise  output  (which  should  be  the  same  as  v^^  measured  by  other 
techniques  - the  difference  is  that  here  we  know  what  part  of  the  noise  is 
caused  by  each  noise  mechanism).  While  most  of  the  procedures  here  would 
apply  to  the  use  of  any  spectrum  analyzer  for  noise  measurements,  some 
details  of  the  noise  response  depend  on  the  type  of  IF  detector  in  the 
instrument  (and  the  possibility  of  spurious  responses),  so  we  specifically 
address  the  case  of  the  use  of  the  Tektronix  7L13  spectrum  analyzer  plug-in 
for  this  purpose. 

For  our  purposes,  the  7L13  may  be  thought  of  as  a narrowband 
tuned  receiver  which  measures  either  the  average  value  of  the  magnitude 
of  the  voltage  received  in  its  passband  (the  IF  voltage)  in  the  linear  mode, 
or  the  average  of  the  log  of  the  magnitude  of  the  IF  voltage  in  the  log  mode. 

A video  filter  with  long  time  constant  is  used  to  average  fluctuations  in 
the  measured  noise  level  with  time.  The  absolute  amplitude  of  the  display 
(either  linear  or  log)  is  determined  by  inputing  a sine-wave  source  of 
known  amplitude  into  the  50n  r.f.  input  of  the  7L13  as  a basis  of  calibration. 
The  7L13  response  is  very  flat  over  its  dc-1.8  GHz  range  and  hence  it  is 
usually  sufficient  to  calibrate  the  amplitude  at  a single  frequency 
(typically  50  MHz).  An  input  low  pass  (<1.8  GHz)  filter  is  used  so  that 
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there  are  no  significant  spurious  responses  and  no  noise  aliasing  in  the 
7U3. 

Only  two  things  are  needed  to  obtain  absolute  noise  spectral 
density  (volts/v4iz~)  data  with  the  7L13:  1)  knowledge  of  the  exact  noise 
bandwidth  and  2)  knowledge  of  the  rms  noise  voltage  within  the  passba.nd. 

The  noise  bandwidth  of  the  7L13  is  selected  by  picking  one  of 
six  IF  crystal  filters  giving  "resolution"  bandwidths  as  wide  as  3 MHz 
or  as  small  as  30  Hz  (in  decade  steps).  The  first  order  of  business 
is  to  measure  the  noise  bandwidth  for  each  of  these  filters.  The  noise 
bandwidth,  aF,  is  defined  by 

/oo 

A(f)^  df  (3.7) 

HrtA  - 


where  is  the  peak  (linear)  voltage  gain  and  A(f)  is  the  voltage  gain 
as  a function  of  frequency.  Actually,  if  several  different  crystal  filters 
are  used  and  only  one  is  used  for  the  sine-wave  amplitude  calibration 
(the  3 MHz  resolution  setting  for  the  7L13),  then  these  small  amplitude 
variations  can  be  taken  into  account  in  AF  by  using  for  the  calibrated 
scale  instead  of  the  peak  response.  This  can  be  referred  to  as  an  effective 
noise  bandwidth,  aF  ' (where  of  course  aF  ' = aF  on  the  amplitude  calibrated 
range.  The  aF  calibrations  for  our  7L13  were  obtained  by  installing  and 
calibrating  the  unit  in  our  DPO  system  and  scanning  a stable  (amplitude 
and  frequency)  source  with  the  7L13  in  the  linear  display  mode,  so  that 
the  display  is  A(f).  The  computer  was  then  used  to  square  A(f),  integrate 
and  either  divide  by  MAX(A(f))  or  for  the  reference  filter  setting 
to  get  aF  or  AF'. 
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TABLE  3.1 


7L13  Spectrum  Analyzer  Noise  Bandwidth  Calibrations 


NOMINAL 

RESOLUTION 

BANDWIDTH 

SETTING 

NOISE  BANDWIDTH 
RELATIVE  TO  PEAK 
AF 

NOISE  BANDWIDTH 
RELATIVE  TO 
3MHz  PEAK 
AF' 

WHITE-NOISE 
VOLTAGE  OUTPUT 
RELATIVE  TO  3 MHz 
(db) 

3 MHz 

1.897  MHz 

1.897  MHz 

0 db 

300  KHz 

200.2  KHz 

200.2  KHz 

-9.6  db 

30  KHz 

26.79  KHz 

26.07  KHz 

-18.7  db 

3 KHz 

2.597  KHz 

2.590  KHz 

-29.2  db 

300  Hz 

246.1  Hz 

217.3  Hz 

-30.5  db 

30  Hz 

22.53  Hz 

22.28  Hz 

-49.3  db 

1 

The  amplitude  calibration  of  the  7L13  is  based  on  a sine-wave 
signal  of  known  rms  value,  while  we  are  in  fact  interested  in  measuring 
Gaussian  noise.  In  fact,  a correction  factor  must  be  used  to  correct  the 
measured  amplitudes  to  real  noise  voltages,  and  this  correction  factor 
depends  on  whether  the  "linear"  or  "log"  display  mode  is  used.  The  "linear" 
correction  between  an  average  (magnitude) -reading  meter  reading  a sine  wave 
and  a Gaussian  noise  distribution  is  easily  obtained.  Since  the  average 
value  of  a sine  wave  Vg(t)  = sin  wt  is  Vg(avg)  = while  the  rms 

value  is  V^(rms)  = Vj^/v'F”,  the  sine  wave  meter  calibration  will  incorporate 
an  average  to  rms  correction  factor  of 


V2(rms)/Vj(avg)  = tt/2v^  = 1.11072  (sine  wave).  (3.8) 
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The  average  value  of  Gaussian  noise  of  rms  value  Vg(rms)  is  given  by 


V-(avg)  = 

^ V^(rms)/?ir  7o 


^ y “v  =yr 


Vg(rms)  (3,9) 


or 


Vg(rms)/Vg(avg)  = 1.25331 


(3.10) 


Since  the  spectrum  analyzer  is  calibrated  with  a sine  wave  source,  the  scale 
reading,  V^,  will  be  related  to  V(avg)  by  Eq.  3.8  as  = V(avg)ir/2»^. 

Using  this  for  Vg(avg)  in  Eq.3.10we  have  the  relationship  between  the 
actual  Gaussian  noise  rms  voltage,  Vg(rms) , and  the  scale  reading,  as 


V-(rms)  = — V,.(rms)  = 1.1284  V-(rms) 
9 ^ ^ 


(3..1) 


for  the  linear  display  mode  (i.e.,  in  the  linear  display  mode,  we  would 
add  1.05  dB  to  measured  voltages  to  convert  to  correct  Gaussian  rms  noise 
values). 

When  the  display  mode  is  "log",  what  is  averaged  is  the  log  of 
the  magnitude  of  the  IF  voltage.  Clearly,  the  average  of  the  log  is  not 
equal  to  simply  the  log  of  the  average,  so  that  additional  correction  is 
required.  This  correction  (which  could  depend  on  details  of  the  log  amp- 
detector  arrangement)  was  measured  on  our  7L13  to  be  an  additional  1.35  db 
between  measuring  Gaussian  noise  in  the  "LOG  lOdB/div"  and  the  "LINEAR" 
display  modes  (determined  by  comparing  white  noise  measurements  directly  to 
a calibrated  sine  wave  reference  in  each  mode).  That  is,  when  measuring 
Gaussian  noise  in  the  "LOG  lOdB/div"  display  mode,  we  have 
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Vg(mis) 


LOG 


1.318  V^Crms) 


(i.e.,  +2.40  dB)  (3.12) 


(where  the  2.40  dB  figure  comes  from  the  sum  of  the  linear  correction  of 
1.05  dB  plus  the  log  correction  of  1.35  dB.)  This  means,  then,  that  if  we 
measure  on  the  "LOG  lOdB/div",  then  the  noise  voltage  spectral  density  is 
just  (OdBm  = fZr  ^ 0.2236  VOLTS) 


V„(PrHz)  = 


0.2236 

7^ 


10 


(V^(dBm)+2.40) 

20 


(VOLTS/ /iiz).  (3.13) 


(If  the  spectrum  analyzer  amplitude  is  calibrated  on  the  usual  3 MHz  resolu- 
tion setting  rather  than  the  setting  used,  simply  use  aF'  from  Table  3.1 
rather  than  AF.) 

The  total  noise  output  for  a receiver  may  be  obtained  by  integrating 

2 

[V^(prHz)]  from  Eq.  3.13  over  the  measurement  bandwidth  (usually  dc  to 
1.8  GHz)  or  doing  the  integral  over  the  noise  power,  P^(/Hz) 

(Vj^(dBm)+2.40) 

Pn(/Hz)  = 10  (watts/Hz)  (3.14) 


and  converting  total  power  to  voltage  at  the  end.  The  TEK  BASIC  program 
listed  in  Appendix  A. 9 carries  out  this  integral  from  manually-entered 
V^(dBm)  vs.  F points  from  7L13  LOG  lOdB/div  display  noise  curves.  The 
calculational  method  is  exact  for  any  straight  line  segment  of  the  dBm  (LOG) 
curve  given  the  endpoints,  so  a relatively  few  points  is  adequate  to  define 
a typical  curve.  Note  that  in  the  program  the  2.40  dB  correction  factor 
is  not  included,  so  that  it  must  be  added  to  each  input  point  or  the  end 
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result  corrected  by  +2.40  dB,  The  program  is  designed  to  integrate  over  a 
number  of  curves  covering  different  frequency  ranges  to  integrate  from 
1/f  noise  to  the  high  frequency  noise  rolloff.  Agreement  between  total 
noises  calculated  from  the  spectral  curves  and  rms  noise  values  obtained 
from  histogram  or  power  meter  reading  is  good,  with  the  spectrum  analyzer 
results  usually  giving  a value  of  total  noise  voltage  of  the  order  of  95% 
of  the  value  obtained  in  the  histogram  measurements. 

3.3.10  Use  of  the  DPO  System  for  Measuring  the  Current  Impulse 

Response  and  (V/Q)p  to  Determine  Preamp 

As  discussed  in  Section  2,  the  important  characteristics  of  a 
preamp  for  an  avalanche  photodiode  receiver  are  its  response  time  (the 
response  must  decay  to  a small  fraction  of  peak  response  in  one  bit  time 
to  prevent  inter-symbol  interference)  and  its  minimum  detectable  current 
pulse,  Np,  which  determines  the  required  photocurrent  level.  To  calculate 
Nq  we  need  both  the  output  noise  v^^  (the  measurement  of  which  is  discussed 
in  Section  3.3.8,  and  the  pulse  gain  (V/Q)p.  Described  here  is  a method 
for  measuring  the  current  pulse  response,  including  (V/Q)p,  for  a preamp, 
under  appropriate  small-signal  conditions  and  with  the  preamp  input 
shunted  by  the  avalanche  photodiode  conductance  (capacitance). 

Determining  the  current  pulse  response  parameters  for  a preamp 
is  conveniently  carried  out  using  our  Tektronix  Digital  Processing 
Oscilloscope  system  with  the  7S12  TDR  sampling  plug-in.  In  general,  instead 
of  trying  to  use  the  experimental  light  pulse  shape  to  measure  (V/Q)p, 
we  measure  the  response  to  a 6-function  current  input  and  convolve  the 
6-function  response  witn  any  input  light  pulse  shape  to  get  the  response 
and  peak  response  (V/Q)p  for  that  light  pulse  input.  (In  most  cases,  the 
light  pulse  width  is  sufficiently  faster  than  the  preamp  response  [aT«aT^  in 
Fig.  2.2]  that  (V/Q)  is  only  slightly  less  than  (V/Q),.  Hence  we  will 

K 0 

discuss  only  (V/Q).  here.) 

6 
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The  experimental  measurement  approach,  illustrated  in  Fig.  3.22 
is  based  on  the  use  of  an  extremely  small  (2x10"^^  pf)  coupling  capacitor 
between  a properly  terminated  pulse  (step)  generator  and  the  preamplifier 
input  in  order  to  produce  a short  current  pulse  by  a capacitive  differen- 
tiation of  the  fast  rise  step  from  the  pulse  generator.  The  current  pulse, 
i(t)  in  Fig.  3.22  is  given  by 


= <^0®  [V‘>  ■ V’]  ' 


where  is  the  pulse  generator  voltage  appearing  across  the  50f2  line 
termination,  is  the  tiny  coupling  capacitor  between  the  pulse  generator 
line  and  the  preamp  input,  and  Vj^  is  the  (small)  voltage  appearing  across 
the  preamp  input  (Vjj^  = i/(Gj|^  + Gj)  where  Gj  is  the  input  conductance 
(Gy  ss  1/Ry)  of  the  preamp  and  Gj^j  is  the  shunt  conductance  (small  capacitance) 
placed  across  the  preamp  input  to  simulate  the  avalanche  photodiode 
conductance).  Integrating  Eq.3.15  from  a time  prior  to  the  input  voltage 
step  (when  Vg  is  constant)  to  some  considerable  time  after  the  step,  after 
ip  (and  hence  Vjj^)  have  returned  to  zero,  we  have 


Q 


P 


Vg(T)-Vg(0)-Vy,(0).Vy, 


(T)\  = C 


c ’'STEP 


(3.16) 


where  we  have  used  the  fact  that  Vjj^(O)  = Vjj^(T)  = 0 and  V5j£p=Vg(T)-  Vg(0) 
is  the  input  step  height.  The  width  of  the  current  pulse,  i(t),  is 
determined  both  by  the  risetime  of  the  voltage  step  V (t)  and  by  the  RC 
time  of  the  capacitive  differentiator.  Since  the  impedance  of  the 
generator  side  is  25n  (50q  termination  in  parallel  with  the  50fj  line) 
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and  the  input  resistance  of  a feedback  mode  preamp  is  about  Rp/A,  with 
= 2x10"^^  fd  (typical)  and  taking  for  GAASFET  Preamp  #8  Rp  = 5000n, 

Aq  = 20,  we  have  R = 25+5000/20  = 275fi  or  RC^  = 5.5  pS,  so  the  current 
pulse  width  is  limited  by  the  generator  risetime.  For  the  S-52  generator 
used  with  the  7S12  TOR  sampling  system,  T^Q_gQ  is  about  25ps,  much  narrower 
than  the  output  pulsewidth,  so  we  measure  essentially  the  6-function 
response. 

This  coupling  capacitance  is  built  into  the  hybrid  integrated 

GAASFET  preamps  as  the  stray  capacitance  between  a 50  ohm  microstrip  test 

pul.'.e  line  and  the  input  (APD-Q^  gate  tiepoint  in  the  preamp).  We  have  also 

made  C^'s  by  modifying  a preamp  cover  plate  to  carry  a 50q  line  with  a hole 

through  the  plate  and  line  shield  to  accommodate  a short  probe  leading 

from  the  center  conductor  of  the  line  to  the  vicinity  of  the  preamp  input. 

For  measuring  50n  preamps  a coupling  capacitor,  C , v/as  formed  by  making  a Tee 

out  of  a 3mm  (SMA)  elbow,  adding  a third  connector,  the  center  conductor 

of  which  does  not  actually  touch,  but  only  comes  near, the  center  conductor 

of  the  elbow.  The  signal,  V^,  from  the  generator  comes  into  the  original 

elbow  and  a termination  is  placed  on  the  other  leg  of  the  original  elbow, 

while  the  small  capacitively  coupled  signal  is  coupled  into  the  preamplifier 

through  the  new  connector.  The  value  of  the  coupling  capacitance  was 

measured  two  ways.  The  first  was  using  a conventional  Boonton  capacitance 

meter  in  a standard  3-terminal  measurement  with  the  shield  conductor  of 

the  connectors  of  course  grounded.  A value  of  0.02pf  was  measured  by 

this  approach.  A second  approach,  more  precise,  was  to  couple  the  output, 

not  into  a preamp  input,  but  into  the  type  S-4  samplir.g  head  directly 

(actually,  through  a 3db  attenuator  for  isolation).  This  gives  us  an 

accurately  known  50n  load  across  which  to  measure  the  induced  voltage, 

V,  (t)  = 50i(t).  V,  is  very  small  (~  6mV  max),  deeply  buried  in  sampler 
*-  L 12  15 

input  noise,  but  signal  averaging  the  waveform  from  2 to  2 times  using 

the  Digital  Processing  Oscilloscope  (DPO)  gives  a nice  clean  signal.  This 

induced  current  pulse  is  then  integrated  (digitally  on  the  DPO)  and  the 

resulting  step  is  a good  replica  of  the  input  step  Vq(t),  except  for  a 

difference  in  magnitude  from  which  is  determined  by 
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= D — f V,  (t)dt  where  R = 50Q.  (3.17) 

""  % ''step  J ^ ° 

0 

This  is  a very  sensitive  method  of  measuring  tiny  coupling  capacitances.  The 

value  of  C determined  by  this  approach  was  the  same  as  that  measured  on 
^ - 1 4 

the  capacitance  meter  (2x10"  f).  The  50ft  sample  mounts  (Figs.  3.11  and  4.3) 
used  for  the  two  50ft-packaged  Air  Force  delivered  APD's  have  internal 
coupling  capacitors  of  = 4.5xl0"^^f  between  the  test  line  and  the  signal 
output  line  which  can  be  used  for  this  calibration  function. 

For  the  case  of  the  hybrid-integrated  preamps,  the  coupling 
capacitance  is  built-in  and  cannot  be  connected  to  a capacitance  meter  or 
known  load  for  calibration.  Fig.  3.23  shows  the  generalized  "op-amp" 
representation  of  a Mark  III  or  lA  GAASFET  preamp.  The  voltage  gain  stage 
has  gain  A.|  and  trans impedance  =*  Rp/(l+l/A-j)  and  is  followed  by  an 
internal  line  driver  stage  of  gain  (into  a 50ft  load).  The  preamp  is 
usually  followed  by  cascaded  B&D  DC3002  and  AC3020  amplifiers  before  going 
into  the  50ft  terminated  S-6  sampler.  The  gain  of  these  external  preamps 
is  called  The  overall  input  current  to  output  voltage  relationship  for 

the  preamp  will  be  given  by  (steady  state) 


VOUT 


V2^B&hV‘ 


(3.18) 


With  a short  nsetime  step  input,  the  measured  output  pulse,  Vf^,n.(t),  which 

1012 

IS  usually  signal  averaged  2 to  2 times  by  the  DPO  to  remove  noise, 
represents  the  current  impulse  response  of  the  preamp.  It  can  then  be 
directly  examined  to  determine  the  maximum  data  rates  possible  without 
intersymbol  interference,  and  the  Fourier  transform  may  be  taken  to  find 
the  frequency-domain  response. 


Vout(*^))> 


However,  to  find  (V/Q)^,  we  measure  Vp  (the  peak  value  of 
but  we  must  know  Qp.  Since  is  not,  in  general  , known,  we  cannot 
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Fig.  3.23  Block  diagram  of  a Hark  1 or  Mark  III  GAASFET  preamp 
showing  the  C measurement  procedure  for  (V/Q)  . 
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use  Qp  = 


However,  integrating  3,18  we  have 


/ 


VouT(t) 


dt  = 


/ 


ip(t)dt  = 


(3.19) 


Hence  we  have 


V2^B&H 


or 


(V/Q)j 


. '‘d 


I 


(3.20) 


(3.21 ) 


Similarly,  we  can  obtain  the  response  to  any  general  input  pulse  shape  by 
convolving  the  input  pulse  with  VQyj(t)  for  the  d-function  case  (which  will 
reduce  Vp  somewhat)  and  then  use  Eq.  3.21  to  find  the  new  (V/Q)p.  If  we 
have  measured  v^^  as  described  previously,  then,  tfie  minimum  detectable 
current  pulse  of  the  preamp  is  given  by  (substituting  in  Eq.  2.19) 


-''no  \o 

0 ■ Vp 


(3.22) 


Each  of  these  quantities  is  measured  in  the  DPO  preamp  measurements. 
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Another  method  of  determining  Q is  to  calibrate  C in  the  preamp. 

P ^ 

This  can  be  done  by  applying  a triangular  wave  input  in  place  of  V in  Fig.  3.22 
or  3.23  (usually  at  least  10  V p-p,  ~ 10  MHz).  From  ip  = (dV^/dt) 
and  = RgA2ip  (no  B&H's  are  used),  we  can  obtain  as  C^=VQ^jj/R^A2(dVg/dt) 
This  approach  (and  the  similar  approach  using  a sine  wave  Vg)  give  nearly 
identical  results  to  the  pulse  integral  normalization  method. 

3.3.11  Techniques  for  Applying  the  PRO  System  to  Preamp  Evaluation 

While  the  most  important  noise  histogram  and  current  impulse 
response  measurement  techniques  for  using  the  DPO  system  with  the  GAASFET 
preamps  have  been  discussed  in  Sections  3.3.8  and  3.3.10,  there  are  a 
number  of  additional  routinely-used  procedures  and  programs  used  in  various 
stages  of  the  preamp  evaluation  that  should  be  spelled  out. 

In  measuring  the  current  impulse,  the  signal  average  command  is 
used.  This  is  typed  in  as  a direct  keyboard  command  such  as 

AVERAGE  PA,  4096 

which  averages  the  current  impulse  response  into  waveform  a 4096  times 
(usually  1024  to  4096  averages  are  used  with  sampling).  In  general,  there 
will  be  a baseline  error  in  the  average  result  which  must  be  removed.  If 
the  pulse  response  begins  2 cm  from  the  left  (102.4  horizontal  elements) 
the  program  listed  in  Appendix  A. 8 line  numbers  1000  to  1074  would  be  used 
to  obtain  the  average  value  of  A from  J = 0 to  100  (for  example)  with  this 
result  stored  as  the  variable  name  "AV".  Then  the  command 

LET  PA  = A - AV 


is  used  to  correct  the  baseline  in  the  computer  and  processor  arrays  (A  and  PA) 
For  an  impulse  response  in  A,  the  accuracy  of  the  baseline  is  checked  by 
integrating  A into  waveform  B,  for  example 
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INTEGRATE  A,  PB 

to  check  that  both  the  regions  left  of  the  pulse  and  to  the  right  of  the 
step  in  B are  flat.  Assuming  the  baseline  is  satisfactory,  then  the  integral 
step  height  (as  required  in  the  normalizations  in  Eqs.  3.17  through  3.20) 
can  be  obtained  by  using  the  "Average"  routine  again  (Appendix  A. 8 line 
1000-1074)  over  a suitable  portion  of  the  right  hand  side  of  8 (for  example 
J = 300  to  500)  with  the  result  ~ J impulse  response 
in  PA,  with  the  baseline  corrected,  the  FFT  may  be  used  to  obtain  the 
frequency  domain  response  by 

FFT  A,  PC,  PD,  POLAR 

which  puts  the  magnitude  of  the  frequency  response  A(f)  into  PC  and  the 
phase  (which  will  include  a large  linear  phase  shift  because  the  pulse  does 
not  start  at  t = 0;  this  can  be  subtracted  off)  in  PD.  To  obtain  the  3 db 
bandwidth  of  the  magnitude  array  in  C,  the  program  lines  600-640  in  Appendix 
A. 8 is  used.  Starting  at  line  600  it  gives  the  3 db  bandwidth  relative 
to  the  peak  amplitude,  or  by  using 

LET  C0  = C(256):  GOTO  620 

the  result  (F3)  will  be  relative  to  the  amplitude  at  dc.  The  noise  bandwidth 
(defined  by  Eq.  3.7)  is  calculated  in  the  program  lines  1300  to  1390 
Appendix  A. 8.  Again,  straight  execution  from  line  1300  gives  the  result 
relative  to  the  peak  response,  ..  e 

LET  C0  = C(256);  GOTO  1346 
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win  calculate  the  noise  bandwidth  (NB)  relative  to  the  dc  response. 

While  the  foregoing  was  based  on  an  impulse  response  measurement 

(as  in  Section  3.3.10),  many  measurements  are  made  of  straight  pulse 

response  (step  in,  step  out).  An  example  of  this  is  in  the  hybrid  preamps 

when  initially  measuring  the  op-amp  open-loop  voltage  gain.  A,,  (in  Fig.  3.23) 

by  connecting  the  gate  of  directly  to  the  50fi  microstrip  test  line  and 

measuring  the  pulse  gain.  The  low-frequency  gain,  (A,)  will  be  given  by 

' 0 


_ Vq^t(STEP) 

’o  *2  "in  (STEP) 


(3.21) 


where  A2  is  the  output  stage  gain.  We  want  to  know,  of  course,  the  frequency 
dependence  of  A.j.  We  obtain  this  by  taking  the  derivitive  of  the  step 
response  with 


DIFFERENTIATE  A,  PB,  0 

where  the  step  size  is  determined  by  the  final  index  (from  -1  to  3 depending 
on  the  resolution-noise  tradeoff  desired;  it  is  sometimes  desirable  to 
combine  fast,  noisy  derivitives  [index  -1  or  0]  at  the  step  with  slower, 
smoother  [index  1 or  2]  derivitives  away  from  the  step).  Since  the 
derivitive  of  the  step  response  of  a linear  system  in  equal  to  the  impulse 
response,  we  obtain  the  frequency  response  and  bandwidths  from 

FFT  B,  PC,  PD,  POL 


as  before. 
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In  some  cases  of  derivitive  response  measurements,  considerable 
"hash"  from  ground  and  transmission  line,  ringing  from  the  input  pulse 
generator  step  may  be  noticed  in  the  derivitive  after  the  preamp  response 
has  died  out.  While  the  amplitude  of  this  tends  to  be  small,  the  effect 
of  this  is  to  considerably  "roughen"  the  FFT-derived  frequency  response, 
adding  spurious  responses  outside  of  the  passband,  etc.  The  program  in 
Appendix  A. 8 lines  1200-1250  can  be  used  to  attenuate  this  "hash"  in  the 
derivitive  response  tail  in  B to  make  the  results  of  the  FFT  smoother 
and  more  meaningful  (AF  is  usually  taken  as  about  0.95). 
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4.0  AVALANCHE  PHOTODIODE  AND  GIGABIT  RECEIVER  PERFORMANCE  RESULTS 

The  avalanche  photodiodes  used  in  all  of  the  hybrid-integrated 
optical  receivers  have  been  from  the  same  epitaxial  wafer  (K-9)  of  homo- 
heterojunction APD's.  Hence  the  device  characteristics  for  all  of  the  APD's 
are  very  similar,  so  that  we  can  discuss  the  general  characteristics  of  these 
homo-heteroj unction  APD's  in  one  section  (4.1)  and  discuss  the  performance 
characteristics  of  each  type  of  hybrid-integrated  GAASFET  preamp  in  separate 
sections  (4.2  - 4.4). 

4.1  Inverted  Homo-Heterojunction  GaAs-,  Sb  Avalanche 
Photodiode  Results 

All  of  the  inverted  homo-heteroj unction  GaAs,  Sb  avalanche  photo- 

I **  A A 

diodes  used  in  hybrid-integrated  receivers  were  from  the  same  epitaxial 
growth  (K-9).  The  device  structure,  as  shown  in  Fig.  2.7  was  grown  using  the 
dopant-drop  technique  for  producing  the  p-n  homojunction  discussed  in  Section  3.1. 
The  diodes  were  fabricated  using  the  techniques  described  in  Section  3.2  and 
either  mounted  directly  on  the  metallized  alumina  hybrid  preamp  substrate  (for 
the  Mark  lA  preamps)  or  mounted  on  a small  (100  mils  diameter)  gold  plated 
copper  carrier  which  mounts  on  the  hybrid  substrate  in  the  Mark  II  or  Mark  III 
preamps  to  provide  for  APD  interchangeability. 

4.1.1  Active  Layer  Doping  Profile 

Figure  4.1  shows  the  N(x)  profiles  derived  from  derivitive-capacitance 

measurements  on  two  similar  K-9  devices.  The  carrier  concentration  in  the  active 

15-3 

n layer  (see  Fig.  2.7)  is  of  the  order  of  N^  = 7.5x10  cm  and  the  full 
depletion  width  at  high  biases  is  of  the  order  of  5p  (4-5ji  for  most  diodes). 

The  dropoff  in  N(x)  at  low  depletion  widths  probably  reflects  grading  effects 
near  the  junction,  while  the  rise  in  N(x)  near  4.5  to  5u  in  Fig.  4.1  represents 
punchthrough  of  the  depletion  region  from  the  p-n  junction  through  the  n-active 
layer  to  the  n^  buffer  layer.  The  sloping  of  N(x)  near  punchthrough  is  due  either 
to  fluctuations  in  active  layer  thickness  over  the  diode,  doping  density  increase 
near  the  n^  buffer  -n"  active  layer  heterojunction,  or  (most  likely)  both.  The 
punchthrough  occurs  at  a bias  of  around  50  volts,  and  the  typical  breakdown 
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voltages  are  about  120  volts,  so  that  the  peak  electric  neld  at  the  p-n 

5 

homojunction  at  breakdown  is  about  3x10  V/cm, 


4.1.2  APD  Junction  Capacitance 

The  actual  capacitance  versus  voltage  curve  for  a 5 mil  diameter 
(0.127mm)  K-9  APD  is  shown  in  Fig.  4.2.  The  zero-bias  junction  capacitance  is 
about  1.65pf,  but  the  capacitance  drops  rapidly  with  reverse  bias  to  a value 
of  0.31pf  above  punchthrough  (2450pf/cm^) . The  capacitance  is  nearly  independent 
of  bias  for  V^^pQ^^O  volts  (because  the  depletion  region  thickness  is  bounded  by 
the  physical  active  layer  thickness  between  tha  n^  buffer  layer  and  the  p-n 
homojunction).  A 3-mil  (0. 0762mm)  diameter  APD  with  a junction  area  of 
Aj=0. 456x1 O'^cm^  will  have, in  comparison  to  the  5 mil  diameter  (Aj=l. 27x10  ^cm  ) 
device  a capacitance  of  Cj=0.11pf  above  punchthrough,  or  about  one  third  of  the 
Capd(Vapd)  values  of  Fig.  4.2. 

4.1.3  Response  Time  of  Delivered  50  - Packaged  Devices 


The  response  time  of  these  GaAs,  Sb  photodiodes  is  so  fast  that  for 

I "*  A A 

all  practical  purposes,  in  the  integrated  preamps,  the  APD  may  be  considered  an 
infinitely  fast  current  generator  with  a small  shunt  capacitance,  The 

worst  case  carrier  transit  time  in  the  K-9  APD‘s,  for  example  is 

TTf^=W/VsAT=5xloWsec=50ps  (40ps  10%  to  90%),  which  is  much  faster  than  the 
preamp  response  time.  Hence  from  a standpoint  of  receiver  speed,  the  important 
thing  is  the  junction  capacitance,  C^pQ  discussed  previously. 

Since  these  inverted  heteroj unction  GaAs^_^Sb^  photodetectors  are  also 
of  interest  for  high-speed  reference  diodes  in  sampling  oscilloscope  measurements, 
their  high-speed  500  response  time  is  also  of  interest.  Fig.  4.3  shows  sampling 
oscilloscope  measurements  of  the  output  (double)  pulse  structure  from  our 
modelocked  Nd-YAG  laser  as  measured  simultaneously  with  two  M8-1  epi  growth  3 mil 
diameter  inverted  heterojunction  GaAs-|_^Sb^  photodiodes.  The  upper  curve  (downward 
response)  was  measured  for  the  device  in  the  older  500  mount  on  the  left  (Ref.  1) 
with  a Tektronix  S-4  sampler  head,  while  the  lower  curve  (upward  response)  was 
measured  using  the  new  50o  APD  mount  (described  in  Section  3.2)  with  a Tektronix 
S-6  sampler  with  precision  50o  termination.  The  new  mount  is  shown  at  the  upper 


142 


JUNCTION  CAPACITANCE 


SC571.T6TRF 


right  in  Fig.  4.3.  The  output  connector  (3mm  male ) is  coaxial  with  the  lignt 

entrance  and  is  barely  visible  in  the  picture.  The  upper  Microdot  connector 

is  the  bias  lead,  while  the  left-right  opposing  pair  of  3mm  female  connectors 

-14 

provide  a feedthru  capacitive  coupling  test  line  to  the  output  (C^=  4.5x10  f). 

As  can  be  seen  in  Fig.  4.3,  the  response  of  the  diode  in  the  new  mount 
with  the  S-6  sampler  gives  extremely  "clean"  response  with  sharp  fall  time  from 
the  first  light  pulse  peak  down  to  a flat  baseline  before  the  second  (smaller) 
pulse  arrives  370ps  after  the  first.  The  FWHM  on  the  pulses  is  under  lOOps  and 
the  90%  - 10%  fall  time  is  about  60ps;  these  figures  probably  represent  a 
fairly  accurate  estimate  of  the  laser  pulse  parameters  (as  opposed  to  the  APD 
or  sampling  oscilloscope  response  times, as  both  have  frequency  responses  of 
the  order  of  14GHz). 

4.1.4  APD  Reverse  Dark  Current 

The  surface  passivated  K-9  APD's  have  generally  low  leakage  currents. 
Fig.  4.4  shows  the  total  dark  reverse  current,  Ij^,  versus  reverse  bias  voltage 
at  room  temperature  for  3 mil  and  5 mil  diameter  inverted  homo-heterojunction 
APD's.  The  total  APD  leakage  current  can  be  considered  as  the  sum  of  a 
"bulk"  leakage  Ig  (essentially  as  used  in  Eq.  2.24)  and  a"surface"  leakage,  1^. 
Calculation  of  the  bulk  leakage  (thermal  generation  current  in  the  depletion 
region)  for  these  devices  has  been  discussed  in  Ref.  5 and  will  not  be  repeated 
hero.  Assuming  N^.=10  cm"  and  Tg=10"  seconds, we  have  Ig=qn^AjW/TgalnA  for  a 
5 mil  diameter  APD  or  Ig~0.35nA  for  a 3 mil  diameter  APD  at  punchthrough  (W=5jj). 
At  biases  of  a few  volts,  the  leakage  current  is  predominantly  bulk  and  the 
ratio  between  the  leakage  of  the  3 mil  device  to  the  5 mil  device  should  be  the 
ratio  of  their  junction  areas  or  about  0.36.  As  seen  in  Fig.  4.4,  this  is 
indeed  the  case  for  biases  up  to  4 or  5 volts  (i.e.,  at  3 volts  reverse  bias 
Cr>5  ('r>3  Cr)3  „,,/(Ir)5 

The  bulk  leakage  would  be  expected  to  increase  only  very  slowly  with 
uias  above  V^pg=  10  volts,  and  not  at  all  above  punchthrough  (Vy^pp=60  volts) 
until  avalanche  gain  sets  in.  In  fact,  as  seen  in  Fig.  4.4  the  total  reverse 
current  increases  exponentially  with  reverse  bias  over  this  bias  range  where 
the  bulk  leakage  is  constant.  This  leakage  is  the  "surface"  current,  I^. 
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Fig.  4.3  Response  of  Two  3 mil  M8-1  Inverted  Heterojunction 
Microwave  Avalanche  Photodiodes  to  Modelocked  Nd-YA6 
Laser  Pulses.  Upper  curve  (inverted)  is  from  older 
mount  (Ref.  1)  shown  on  left  into  S-4  sampler,  whereas 
lower  (upward-going)  curve  is  for  similar  APD  in  the 
new  cr-:,pdct  50s^  mount  shown  at  the  upper  right  and 
Fig.  3.11  into  an  S-6  sampler.  Both  curves  at  200pS/cm. 
Note  the  clean  fall  and  return  to  baseline  between  the 
two  laser  pulses  for  the  new  diode  mount. 
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This  surface  leakage  increases  the  total  leakages  from  the  nanoampere  range 
of  bulk  leakages  at  low  biases  to  the  10  nanoampere  range  at  mid  biases 
(punchthrough)  up  to  leakages  of  the  order  of  100  nanoamperes  in  the  avalanche 
gain  region  near  breakdown.  If  this  "surface"  leakage  is  really  due  to  the 
surface  of  the  junction,  then  should  scale  with  the  device  perimeter  (as 
opposed  to  area  for  Ig).  At  a bias  of  50  volts  we  measure  (Ig)g  ^.^=5.1nA 
and  (Ig)2  pii=2.8nA.  Assuming  (Ig)^  n,i-]=lnA  and  (Ig)3  j^.^=0.36nA  we  have  for 

■s'’r-'b'("s)6  (‘s>3  0--  (Is>3 

exactly  the  ratio  of  the  perimeters. 

Both  the  surface  and  bulk  leakage  currents  in  these  homo-heterojunction 

GaAs^_^Sb^  APD's  are  so  low  that  they  have  no  significant  effect  on  the  noise 

properties  of  the  integrated  GAASFET  receivers.  For  example,  for  GAASFET 

preamp  #8,  R^=5Ko  or  i^j=1.8xl0"  amps/v4l7~.  whereas  the  shot  noise  from 

the  Ig=100nA  surface  leakage  of  its  3 mil  APD  is  only  i^^=l .79x10”^^  amps/vli^, 

or  taking  M=10  and  Xj^=0,25,  the  multiplied  shot  noise  from  an  Ig=0.36nA  bulk  leakage 

is  i„.=l .43x10"^^  amps/v4C  (for  a 5-mil  APD  these  would  be  about  2.5xlO“^^A/>4U 
ns  1 ^ 4 

and  2.4x10'  '^A/v'H^  respectively),  well  below  the  Johnson  noise  level.  As  higher 
gain  levels  are  attained,  the  bulk  leakage  current  will  contribute  significant 
noise  (which  can  be  reduced  by  cooling,  of  course)  but  recalling  that  the 
average  pulsed  photocurrent  for  Np^=  1000  photons/bit,  4T=0.5ns  is  320  nA,  a InA 
bulk  leakage  current  is  not  very  significant. 

4.1.5  Spectral  Dependence  of  Photoresponse  and  Absolute  Quantum  Efficiency 

The  spectral  photoresponse  or  quantum  efficiency  - gain  product,  qM, 
versus  wavelength,  X,  for  a K-9  APD  is  shown  in  Fig.  4.5.  (More  typical  K-9 
APD's  have  about  a 15%  to  20%  higher  breakdown  voltage  and  O.Olp  to  0.02p  longer 
wavelength  response  then  the  particular  device  in  Fig.  4.5,  but  are  otherwise 
the  same).  This  measurement  was  made  with  uniform  illumination  over  the 
device  area. 

In  a somewhat  heuristic  sense,  the  wavelength  scale  in  Fig.  4.5  may 
be  visualized  in  terms  of  the  physical  depth  in  the  device  at  which  the  light 
absorption  takes  place;  i.e.,  from  the  surface  of  the  GaAs  substrate  (light 
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WAVELENGTH 


Fig.  4.5  Spectral  Photoresponse  for  a 5 mil  Diameter  K-9  APD  for  Biases 
from  V/\po  = 2 volts  to  V/^po  = 99.07  volts.  Ordinate  is  quantum 
efficiency  (quantum  efficiency-gain  product  for  V^po-'^O  volts) 
versus  wavelength.  More  typical  K-9  APD's  as  used  in  the  GAASFET 
receivers  have  15?4  to  20%  higher  Vg's  and  O.Olu  to  0.02u  longer 
wavelength  response  than  this  particular  device. 
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entrance  window)  for  X<0.86n,  the  n^  buffer  layer  from  0.9u<X<0.98u,  the  n 
active  layer  from  0.98ii  out  to  the  p-n  junction  at  X~1.08y.  This  position  - 
wavelength  correlation  exists  both  because  of  the  stepped  reductions  in  energy 
gap  in  the  heterostructure  going  from  layer  to  layer,  and  because  of  the  fact 
that  in  a single  layer  the  optical  absorption  coefficient  drops  as  the  photon 
energy  is  reduced  toward  its  energy  gap  (i.e.,  longer  X,  deeper  absorption 
depth).  Light  of  wavelength  below  0.88u  is  absorbed  largely  in  the  GaAs 
substrate,  very  near  the  surface  at  short  wavelengths,  so  that  no  photo-induced 
holes  reach  the  p-n  junction.  At  0.9  to  0.92u,  most  of  the  light  is  absorbed 
near  the  GaAs  substrate  in  the  n'*'  GaAsSb  (Eg  ~ l-2eV)  buffer  layer,  from  this 
point  the  photogenerated  holes  have  a considerable  distance  (~4u)  to  diffuse 
to  reach  the  n"  active  layer,  and  hence  the  photoresponse  at  0.91y  is  only 
about  5%  to  15%  of  the  response  at  l.Olp.  At  l.Olu,  the  light  absorption  takes 
place  in  the  n"  active  layer  very  near  the  n^  buffer  -n"  active  layer  hetero- 
junction. At  low  biases,  this  region  is  neutral  as  the  depletion  region  is 
near  the  p-n  junction  several  microns  away.  Hence  photogenerated  holes  must 
diffuse  several  microns  to  cause  junction  photocurrent, which  is  why  the  l.Olu 
quantum  efficiency  is  only  15%  at  V^pp=  2 volts.  As  the  bias  is  increased  to 
punchthrough  (where  the  depletion  region  reaches  all  of  the  way  through  the 
n”  active  layer  to  the  n^  buffer),  at  50  to  60  volts  for  the  APD  of  Fig.  4.5, 
the  quantum  efficiency  at  this  wavelength  reaches  nearly  100%.  As  bias  is 
increased  further,  considerable  avalanche  gain  is  seen,  even  with  uniform 
illumination,  though  not  as  much  gain  as  is  seen  at  longer  wavelengths.  The 
implications  of  this  (ap>«p)  were  discussed  at  the  end  of  Section  2.2.2. 

At  a wavelength  of  1.08u  in  Fig.  4.5,  the  light  is  absorbed  in  the 
active  layer,  but  at  a much  greater  average  depth.  Here  it  is  possible  for  a 
significant  fraction  of  the  light  at  low-bias  voltages  to  penetrate  through 
the  undepleted  n’  layer  to  the  junction  region  giving  the  long  - wavelength 
peaking  in  quantum  efficiency  characteristic  of  a deep  homojunction.  Of 
course  at  this  wavelength  the  absorption  depth  is  comparable  to  the  active 
layer  thickness  so  that  a significant  fraction  of  the  light  passes  through  the 
device  unabsorbed.  Hence  at  higher  biases  the  quantum  efficiency  at  1.08u  is 
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considerably  below  100%. 

As  was  mentioned  previously,  the  typical  K-9  device  has  a slightly 
longer  wavelength  response  than  the  device  in  Fig.  4.5  (which  means  that  1.064n 
falls  fairly  close  to  the  peak  response  at  punchthrough)  and  typical  115  to 
120  volt  breakdowns,  as  opposed  to  Vg~100  volts  for  the  device  in  Fig.  4.5  (which 
means  that  a normal  unity-gain  bias  will  be  about  80  volts  instead  of  60  to  70 
volts  as  in  Fig.  4.5).  We  have  measured  the  unity-gain  1.064u  quantum 
efficiencies  for  the  APD's  in  the  receivers  and  have  gotten  values  at  V^pp=80  volts 
of  n-|  Qg^=96%  or  97%.  These  values  are  excellent,  of  course,  but  reasonable, 
since  the  substrates  are  carefully  antireflection  coated,  the  free-carrier 
light-absorption  in  the  substrate  is  low,  and  the  optical  absorption  depth 
(~lp)  is  sufficiently  smaller  than  the  depletion  width  (5vi)  to  insure  that  the  1.06u 
light  is  absorbed  in  the  depletion  region. 

Devices  which  exhibit  nearly  100%  quantum  efficiencies  usually  show 
a very  flat  region  in  n vs.  V^pp  (50V  to  80  volts  in  Fig.  4.5,  particularly 
60V-70V),  a reasonably  flat  region  in  x(1.01u  to  1.06u  in  Fig.  4.5)  and  very 
flat  spatial  photoresponse  (i.e.,  virtually  no  fluctuation  in  sensitivity  over  the 
device  area  when  measured  with  bias  and  wavelength  values  in  the  "flat  regions"). 
These  K-9  APD's  show  all  of  these  characteristics  (Figs.  4.5,  4.7,  4.21,  etc.). 

High-Frequency  Avalanche  Gain 

In  measuring  avalanche  gain,  it  is  important  to  be  able  to  differentiate 
between  useful  (high  frequency)  bulk  avalanche  gain  and  the  apparent  (low 
frequency  only)  gain  associated  with  defect  breakdown  (microplasmas  - see  Ref.  1).  To 
avoid  possible  confusion,  we  measure  only  the  high-frequency  avalanche  gain 
at  273  MHz  (or  a multiple  of  273  MHz)  using  the  7L13  spectrum  analyzer  as  a 
receiver  as  discussed  in  Section  3.3.5. 

The  high  frequency  avalanche  gain  measured  on  a 5 mil  K-9  APD  in 
GAASFET  preamp  #7(a)  is  shown  in  Fig.  4.6.  This  273  MHz  gain  curve  was 
measured  with  the  modelocked  1.064u  laser  focused  on  the  most  sensitive  gain 
area  on  the  APD  with  a light  spot  diameter  of  7.6u(0.3  mils)  and  an  average 
light  power  of  33nW.  At  low  biases,  the  capacitance  of  the  APD  increases. 
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reducing  the  bandwidth  of  the  preamp  below  the  signal  frequency,  causing  a 
reduction  in  signal  amplitude  greater  than  the  reduction  in  quantum  efficiency 
seen  in  Fig.  4.5.  (The  complete  signal  and  noise  versus  curves  for  a 

different  APD  are  shown  in  Fig.  4.21.)  Taking  V^pp=  80  volts  as  our  unity- 
gain  reference,  M = 1,  n = 97%,  we  see  that  the  signal  level  increases 
with  V^pp  from  -43.7  dBm  at  V^pp  = 80  volts  to  -20  dBm  at  V^pj-j  = 122  volts. 
However,  there  is  an  abrupt  onset  of  detector  noise  at  V^^p^  = 121.7  volts  (a 
microplasma  turning  on),  so  that  the  useful  peak  avalanche  gain  is  about 
23  dB  (M  = 14).  It  should  be  noted  that  this  result  is  for  the  highest  gain 
area  on  the  APD.  At  high  gains  on  these  devices  the  gain  (for  reasons  which 
will  be  discussed  in  the  next  section)  becomes  nonuniform  and  typically  only 
a few  areas  over  an  APD  achieve  gains  over  5 or  so.  The  average  gain,  as 
measured  with  a defocused  beam,  would  typically  be  more  like  M = 2 to  3,  as 
seen  in  Fig.  4.5. 

4.1.7  Spatial  Uniformity  of  Quantum  Efficiency  and  Avalanche  Gain 

The  spatial  uniformity  of  quantum  efficiency  and  avalanche  gain  are 
of  interest  not  only  from  a device  application  standpoint,  but  also  for  the 
insight  they  may  provide  about  problems  in  the  device  itself.  Fig.  4.7  shows 
scanning  light  microscope  measurements  of  the  273  MHz,  1.064u  response  of  a 
5 mil  diameter  K-9  inverted  homo-heterojunction  avalanche  photodiode  in  GAASFET 
preamp  #4.  The  four  photographs  represent  intensity-modulated  displays  of  the 
photoresponse  for  various  reverse  biases  (V^^pp).  Fig.  4.7a,  for  example,  shows 
the  response  at  V^pp=80  volts,  above  punchthrough  (i.e.,  the  n"  active  layer 
is  fully  depleted),  but  below  the  onset  of  significant  avalanche  gain.  As 
would  be  expected  for  a photodiode  of  almost  unity  quantum  efficiency,  the 
response  is  highly  uniform.  As  we  increase  the  APD  bias  to  100  volts  in  (b), 
we  begin  to  see  some  avalanche  gain,  but  at  the  same  time  we  begin  to  see  a 
pattern  appearing  in  the  photoresponse  due  to  nonun ifontii ties  in  this  avalanche 
gain.  This  pattern  becomes  considerably  more  noticeable  in  Fig.  4.7c  for  a 
110  volt  APD  bias,  as  the  avalanche  gain  is  higher.  Certain  areas  which  have 
clearly  higher  gain  than  the  rest  of  the  diode  are  obvious  here.  This  effect  is 
most  dramatic  in  Fig.  4.7d,  V^pQ=H5  volts,  where  very  high  gain  is  seen  in 
the  two  areas  1.4  and  2 mils  below  the  center  (because  these  areas  are 
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Fig.  4.7  Scanning  (Modelocked)  Laser 

Mi croscope  i ntensi ty-modul ated 
pictures  of  the  273  MHz  photo- 
response of  Mark  I A Preamp  #4. 
Scale  is  1 mil/div,  lOX  0.17 
NA  objective. 


a)  = 80  VOLTS. 


b)  V^pp  = 100  VOLTS. 


c)  V^pp  =110  VOLTS. 


d)  V^pp  =115  VOLTS. 

Note  that  orientation  of  all 
SLM  pictures  is  looking  squarely 
into  the  preamp  oriented  hori- 
zontally as  in  Fig.  4.1 . 
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approaching  breakdown),  more  modest  gains  are  seen  in  a dozen  or  more  other 
areas,  and  the  rest  of  the  device  has  fairly  low  avalanche  gain.  It  is 
important  to  note  here  that  the  areas  approaching  breakdown  are  not  at  the 
device  perimeter,  so  that  surface  breakdown  is  not  a problem  in  this  K-9  APD, 
even  though  the  p-n  junction  is  toward  the  surface  side  of  the  n"  active 
layer  (see  Section  2.2.2). 

Clearly,  the  question  to  ask  is  why  do  some  areas  of  these  APD's 
have  lower  breakdown  voltages  than  other  areas  (which  limits  the  maximum  bias 
to  less  than  the  breakdown  of  the  lowest  area  and  hence  limits  the  available 
gain  everywhere  except  these  few  lowest  breakdown  areas)?  Some  insight  into  the 
gain  nonuniformity  problem  can  be  seen  in  Fig.  4.8.  Fig.  4.8a  shows  an  SLM 
picture  of  the  273  response  of  the  5 mil  diameter  K-9  APD  in  GAASFET  preamp 
#5  at  a bias  of  Vy^pp=110  volts  (fairly  high  avalanche  gain).  A characteristic 
spatial  gain  pattern  is  seen,  similar  to  that  in  Fig.  4.7.  A very  interesting 
thing  is  to  compare  this  high-gain  pattern  to  the  below-punchthrough  pattern 
shown  in  Fig.  4.8b,  showing  the  variation  of  quantum  efficiency  (also 
measured  at  273  MHz)  over  the  APD.  Comparing  Fig.  4.8a  and  4.8b,  we  immediately 
perceive  a strong  similarity  between  the  general  pattern  of  the  high  gain  and 
low  bias  spatial  photoresponses,  and  on  closer  examination  we  find  close 
correspondence  in  their  detailed  features.  In  general,  we  find  that  points 
with  higher  than  average  avalanche  gain  are  points  which  give  higher  than 
average  quantum  efficiency  at  low  biases  (before  the  n"  active  layer  is  fully 
depleted).  This  immediately  suggests  a cause  for  this  gain  variation. 

Remember,  from  Section  4.1.5,  that  the  low  quantum  efficiency  below  punch- 
through  is  caused  by  the  fact  that  the  light  is  absorbed  in  the  n~  active 
layer  close  to  the  n^  buffer  layer  (in  Fig.  2.7),  but  at  low  biases  this 
region  is  not  depleted.  The  closer  the  edge  of  the  depletion  region  is 
to  the  n+  buffer,  then,  the  higher  will  be  this  before-punchthrough  quantum 
efficiency,  since  the  photogenerated  holes  will  have  a shorter  distance  to 
diffuse  to  the  depletion  region.  This  would  say,  then,  that  the  variations 
in  the  low  bias  quantum  efficiency  represent  variations  in  the  thickness  of 
the  n~  active  layer  (epitaxial  growth  thickness  between  the  n^  buffer  layer  and 
the  dopant-drop  produced  p-n"  junction);  high  quantum  efficiency  regions. 


154 


SC571.16TRF 


corresponding  to  thin  n"  layer  regions  and  vice  versa.  This  explanation  also 
accounts,  then,  for  the  high-gain  response  pattern,  since  the  width  of  the 
depletion  region  at  high  gain,  W,  is  essentially  this  distance  between  the 
n^  buffer  layer  and  the  p-n"  junction,  and  the  average  electric  field  is 
Vapd/W.  Hence  points  of  narrow  W are  points  of  higher  electric  field  and 
hence  higher  avalanche  gain.  This  explanation,  then,  associates  points  of 
high  low-bias  quantum  efficiency  and  high  avalanche  gain  with  points  where 
the  n active  layer  is  the  thinnest,  and  vice  verse.  (That  such  variations  in 
the  thickness  of  the  n"  active  layer  exist  in  these  K-9  diodes  is  already 
suggested  by  the  apparent  gradual  rise  in  N(X)  with  depletion  region  width 
in  the  3.5y  to  5y  range  in  Fig.  4.1.) 


Such  n"  active  layer  thickness  variations  as  postulated  here  might 
be  expected  to  show  up  in  the  surface  morphology  of  the  epitaxial  layer 
in  a way  that  might  be  seen  in  ordinary  microscopic  examination.  Fig.  4.8c 
is  a mierj-photograph  of  the  5 mil  K-9  APD  in  GAASFET  preamp  §5  (as  in  a and  b). 
The  orientation  of  the  photo  is  the  same  as  that  of  the  SLM  pictures  except, 
of  course,  that  since  this  picture  in  Fig.  4.8c  was  taken  from  the  mesa  side 
of  the  APD  (by  removing  the  preamp  cover  plate)  whereas  the  SLM  pictures  are 
viewed  through  the  GaAs  substrate.  Fig.  4.8c  appears  left-right  reversed 
from  4.8a  and  4.8b.  In  this  photo,  the  top  of  the  mesa  shows  up  as  the 
light  round  circle  in  the  middle  of  t.be  dark  annular  ring  (the  sloping  sides 
of  the  mesa.)  Metallization  can  be  seen  over  most  of  the  central  area  of 
the  mesa,  with  gold-ball  bond  in  the  center  with  the  bonding  lead  going 
toward  the  lower  left  (out  of  focus).  Comparing  the  photo  of  Fig.  4.8c 
with  the  SLM  response  pictures  in  (a)  and  (b)  (remembering  the  left-right  flip), 
we  can  indeed  correllate  between  features  in  the  response  pattern  with 
topological  "hills  and  valleys"  in  the  surface  of  the  device.  In  Fig.  4.8 
a few  of  the  more  prominent  comparison  features  between  the  three  pictures 
are  pointed  out  with  arrows  labeled  A through  H.  We  see  that  in  general  the 
high  gain  (thin  n”  active  lay.^r)  areas  are  associated  with  "hills"  and  the 
low  gain,  thick  n”  active  region,  areas  in  the  APD  correspond  to  "valleys" 
in  the  surface. 
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4.2  Performance  Results  for  the  Pre1iminary»  Lower  Bandwidth, 

Preamp  Designs 

While  the  Mark  lA  and  Mark  II  GAASFET  preamp  designs  do  not  have 
adequate  bandwidth  for  gigabit  data  rate  communications  and  were  not  Air 
Force  delivered  devices,  they  do  represent  an  important  technological  base 
for  the  successful  gigabit  Mark  III  receivers  (Section  4.3)  and  their 
performance  results  are  relevant  to  understanding  the  performance  of  the 
gigabit  receivers. 

4.2.1  Results  for  Mark  lA  GAASFET  Preamps 

4 . 2 . 1 . 1 Circuit  Description  for  GAASFET  Preamps  M and  US 

The  simplified  circuit  diagram  for  the  Mark  lA  preamps  is 
described  and  the  circuit  function  explained  in  Section  2. 3. 4.1,  Fig.  2.9. 

The  complete  circuit  diagram  for  the  Mark  lA  hybrid-integrated  GAASFET 
preamps  is  shown  in  Fig.  4.9,  with  the  power  supply-monitor  unit  circuit 
diagram  shown  in  Fig.  4.10.  Note  that  while  the  circuit  diagrams  for  the 
Mark  lA  GAASFET  receivers  M and  are  the  same,  the  mating  power  supply- 
monitor  unit  for  each  preamp  is  adjusted  for  that  particular  unit  and  must 
not  be  used  with  any  other  preamp.  In  addition  to  the  integrated  preamp 
and  the  power  supply-monitor  units,  operation  of  the  receiver  also  requires 
a cu, Ten ’ -protected  stable  floating  avalanche  photodiode  supply  as  described, 
for  example,  in  Section  3.3.6.  (Figs.  3.18  and  3.19). 

The  overall  operation  of  the  receiver  can  best  be  understood 
by  referring  to  the  block  diagram  of  Fig.  4.11,  in  which  the  receiver  is 
outlined  in  terms  of  the  "op-amp"  model  of  Fig.  2.8  (Section  2.3.2)  with 
key  parameter  values  as  experimentally  determined  from  GAASFET  Preamp  ^5. 

As  shown  in  Fig.  2.9,  the  "op-amp"  in  Fig.  4.11  is  a single  GAASFET.  In 
the  experimental  Mark  lA  receivers  (#4  and  §S),  Q-|  was  a 2u  gate  length 
sipnle-gate  unit  (FMX-950;  Fig.  4.27b)  operated  av.  a drain  current  of  about 

10mA,  giving  a transconductance  of  about  12mmhos  (Vq5=4V,  Ip^lOiriA,  Vg^=-1.7V). 
The  level  shift  of  the  output  (indicated  by  battery  in  Fig.  2.9)  is 
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GAASFET  PREAMP  iS  MARK  lA 


GaAsSb  APO; 
DIAMETER:  5 MILS 

Cj  =«  0.3  pf 

Vg  = 116.5V 

PEAK  GAIN  Mj^v  ^ 8 


PREAMP  PARAMETERS: 

Cjji  =“  0.6pf 

OPEN-LOOP  GAIN  Aj  = 5.4 
= 32.5  MHz) 

OPEN-LOOP  CAIN-BW  ~ 1.2  GHz 

Ag  = 0.2917  INTO  50fi  LOAD 

Rr  = 3.02KP 
' R 

l + O/A.)' 


RECEIVER  PERFORMANCE: 

CLOSED-LOOP  B.M.  fggg  ~ 410  MHz 
PULSE  RESPONSE  ''WTHc  1.7ns 
THROUGH  CASCADED  BJH  PREAMPS:  {A  = 77.2) 
(V/Q)j  = 5.6x1d’^  V/COUL 

’ 6.912  mV  (WITHOUT  Hl-PASS  FILTER) 

N^j  =■  770  ELECTRONS  w/o  FILTER.  3 GHz  BW 
Ng  = 592  ELECTRONS  w/o  FILTER,  71^  MHz  BH 
(PERHAPS  550  WITH  1/f  NOISE  REMOVED) 


Fig.  4.11  31ock  diagram  of  the  Mark  lA  preamps,  with  specific  values 
and  performance  parameters  for  GAASFET  preamps  #5. 
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provided  by  a zener  diode  chip,  in  Fig.  4.9,  shunted  by  a bypass 
capacitor,  with  the  ~ 0.7m/\  bias  current  for  the  zener  obtained  through 
Rgh>  With  = IKq,  R^j^  = 20Kn  and  the  GAASFET  drain  resistance  Rp  s 850r, 
we  have  from  Eq.  2.39,  A-j  = g^^  (450n)  = 5.4  as  the  open-loop  gain  of  the 
op-amps.  (Actually,  A^  is  measured  experimentally  by  measuring  the  "op-amp" 
gain  from  a 50n  source,  and  the  value  of  drain  resistance,  Rp,  is  inferred 
from  A-j.)  The  open-loop  gain  in  preamp  #5  is  3db  down  at  320  MHz,  with 
a gain-bandwidth  product  for  higher  frequencies  of  about  1.2  GHz.  The 
gain-bandwidth  product  for  a capacitively-loaded  current  generator  with 
transconductance  g^^  and  capacitance  is 


GBM  . (a/F)  . ^ 


4.1 


Hence,  for  GAASFET  preamp  §5  we  have  s 1.6  pf  for  the  first  stago 
capacitive  loading  + Cp  in  Fig.  2.10  a)).  This  rather  sizeable  load 
capacitance  represents  a significant  high-frequency  performance  limitation 
in  the  Mark  lA  preamp  (largely  overcome  in  the  Mark  III  design).  (The 
open-loop  gain  for  Mark  lA  preamp  M was  5.3  with  a 3db  frequency  of 
260  MHz  and  a gain-bandwidth  product  of  about  1.35  GHz.) 

Another  performance  limitation  in  the  experimental  Marx  lA 
preamps  is  the  relatively  high  input  capacitance  of  the  2u  gate  GAASFET 's 
used  for  Q^.  (The  manufacturer's  figure  for  in  Fig.  2.10  for  the 
FMX950  is  0.4pf.)  The  total  input  capacitance  for  GAASFET  preamp  §5 
was  0.5-0. 6 pf  (plus  0.3pf  APD  capacitance).  If  in  the  Mark  lA 
preamps  were  a ly  gate  (dual  gate)  GAASFET,  would  be  significantly 
reduced  and  the  gain-bandwidth  product  would  be  improved  because  of  the 
fiigher  g^^  of  these  devices,  so  that  better  performance  could  be  attained 
than  was  achieved  with  the  experimental  Mark  lA  preamps  (#4  and  #5). 

While  the  interstage  coupling  between  Q-j  and  Q2  is  through  a 
.Oluf  blocking  capacitor,  the  output  stage,  Q2  is  actually  directly 
coupled  to  the  50i^  output  line,  with  the  dc  balance  adjusted  by  a trimpot 
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in  the  power-supply  monitor.  The  output  stage  has  its  own  internal 
termination,  selected  so  that  the  parallel  combination  of  R^^2 
and  Rp2  (the  Q2  drain  resistance)  is  exactly  50  ohms.  This  means  that 
the  output  line  is  almost  perfectly  terminated  so  that  signal  reflections 
from  following  amplifiers  (most  commercial  50fi  preamps  have  poor  input 
VSWR's  or  bad  reflection  coefficients)  will  be  totally  absorbed  in  this 
termination  and  will  not  cause  intersymbol  interference.  Time-domain 
reflectometry  measurements  on  preamps  M and  #5  give  reflection  coefficients 
of  +3%  and  -3%  respectively  for  pulsewidths  of  the  order  of  the  signal 
pulsewidth  or  greater.  (Output  TDR's  for  GAASFET  preamps  #6  and  #8  are  shown 
in  Figs.  4.40  and  4.28.)  The  gain  of  the  output  stage  will  be  essentially 
~ 9,^2  assuming  the  output  is  50fi  terminated,  or  about  twice 

this  open  circuit.  For  the  two  experimental  Mark  lA  preamps,  we  measured 

Ap  = 0.34  for  M and  A^  = 0.292  for  #5.  The  output  stage  bandwidth, 

^ 2 10 
including  the  interstage  coupling  capacitor  is  about  10  to  10  Hz. 

It  would  be  relatively  easy  to  extend  this  response  to  dc  by  re-injecting 

the  dc  photocurrent  signal  through  the  200KO  Q2  gate  resistor,  but  this 

was  not  done  in  the  experimental  preamps  as  dc  response  was  not  desired. 

While  the  dc  photoresponse  is  not  carried  to  the  50o  signal 
output,  the  first  "op-amp"  stage  is  dc  coupled  and  the  dc  photocurrent 
is  taken  out  through  the  power  supply-monitor  unit.  As  shown  in  Fig.  4.11, 
the  actual  dc  voltage  across  Rp  is  monitored  through  the  200Kn  isolation 
resistors  in  Fig.  4.11  or  4.9  with  MOSFET  op-amps  connected  as  voltage 
followers  (Fig.  4.10).  A differential  amplifier  with  a gain  of  15  amplifies 
this  voltage  drop  across  Rp  and  presents  the  result  at  the  "Vp  monitor" 
jack  on  the  power  supply  monitor.  This  signal  is  also  used  to  drive  a 
pair  of  warning  lights  in  Fig.  4.10.  The  first  light  turns  on  at  a 
dc  current  of  about  25nA  which  would  indicate  that  the  APD  bias  was  so 
high  as  to  cause  microplasma  breakdown  in  the  A^D  if  this  light  is  on 
with  no  light  signal  input.  The  second  warning  light  turns  on  at  a dc 
photocurre  .t  of  250iiA  and  means  that  the  APD  power  dissipation  limit  is 
being  approached  (assuming  V^pp  near  breakdown)  and  either  the  light  level 
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or  the  APD  bias,  V^pQ,  should  be  reduced  inutiediately. 

The  MOSFET  follower  connected  to  the  gate  of  Q.|  also  serves 
to  establish  the  floating  potential  for  the  APD  supply.  If  the  APD 
supply  were  grounded,  the  actual  bias  voltage  on  the  APD  would  be  the 
APD  supply  potential  plus  the  magnitude  of  the  negative  bias  on  the 
gate,  i'-y  floating  the  APD  supply,  the  value  of  V^pQ  is  exactly  that 
read  on  the  digital  voltameter  in  the  APD  supply  (Fig.  3.18),  and  is 
unchanged  by  drifts  in  Vg-j. 

4. 2. 1.2  Performance  Results  for  GAASFET  Preamp  #5 


The  key  performance  parameter  for  a preamp  for  optical  pulse 
detection  is  the  minimum  detectable  current  pulse,  (the  number  of 
electrons  in  a charge  impulse  required  to  make  the  peak  output  voltage 
equal  the  ms  noise  output).  This  is  determined  experimentally  from 
current  impulse  response  and  noise  measurements  as  described  in  Sections 
3.3.10,  3.3.11,  and  3.3.8.  Fig.  4.12  shows  the  current  impulse  response 
obtained  with  GAASFET  preamp  #5  (trace  with  zero  three  divisions  below 
center,  lOmV/cm  vertical,  Ins/cm  horizontal.  This  response  was  measured 
using  the  S-52  pulse  generator  (246mV  step,  Tj^  ~ 25ps)  through  a cover 
plate  coupling  capacitor,  C^.  to  the  preamp  input,  with  the  preamp  output 
amplified  through  a B&H  DC3002  50n  3 GHz  preamp  followed  by  a 3db  pad 
followed  by  a B&H  AC  3020  50n  3 GHz  preamp  with  its  output  driving  the 
S-6  sampler  head.  The  overall  gain  from  GAASFET  preamp  output  to  S-6 
input  for  this  amplifier  chain  (hereafter  described  simply  as  "cascaded 
B&H's)  is  77.2.  The  current  impulse  response  was  measured  at  a bias  of 
Vapq  = 80  volts,  but  the  response  is  virtually  constant  for  APD  biases 
above  50  volts  or  so  (since  is  constant).  The  peak  output  measured 
under  these  test  conditions  was  Vp  = 73. 01  mV. 


Also  shown  in  Fig.  4.12  is  the  integral  of  this  current  impulse 
(which  is  also  the  step  response),  shown  in  the  lighter  curve  with  zero 
4 divisions  below  center  (bottom  of  picture).  The  ordinate  on  this  trace 
is  lOpVs/cm,  again  at  Ins/cm.  The  10%  to  90%  risetime  of  this  step  is 
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Fig.  4.12  Current  Impulse  Response  for  Mark  lA  GAASFET  Preamp  §5 
for  a current  impulse  input  of  Ng  = 8154  electrons 
(output  through  cascaded  B&H  50sj  preamps).  Current 
impulse  response  displayed  at  10  mV/cm  (zero  3 div 
below  center),  InS/cm.  Also  shown  are  the  integral 
response,  displayed  at  10  pVs/cm  (zero  at  bottom), 
and  the  frequency  response  obtained  from  the  FFT  of 
the  current  impulse  response,  displayed  at  SOOuV/cm 
vertical  (zero  at  bottom)  and  256  MHz/cm  horizontal 
(f  = 0 at  left  edge). 
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0.956ns,  w' ile  the  step  height  is  J Vq^j  (t)  dt  = 7.496x10'*^^  Vs.  From 
Eq.  2.35  we  have  = Rp/(1+1/A^)  = 2548a  (for  Rp  = 3.02Ka  and  = 5.4), 
so  that  from  Eq.  3.18  we  can  obtain  the  magnitude  of  the  charge  in  the 
input  pulse  as  Qp  = 1.306  X 10'^^  coulombs  or  = 8154  electrons  (using 
Ag  = 0.2917,  Ag^^  = 77.2).  From  this  we  obtain  (V/Q)^  = 5.59  X 10^^  volts/ 
coulomb  as  the  pulse  gain  for  GAASFET  preamp  #5,  The  total  noise  output 
for  this  preamp  with  the  same  cascaded  B&H  50a  post-amplifiers  was  measured 
with  the  S-6  sampler  by  the  histogram  method  and  found  to  be  Gaussian 
with  an  rms  value  of  6.912  mV  measured  in  h <2KHz  to  ~ 3 Gh..  bandwidth. 

The  Nq  value  obtained  from  this  measurement  is  (Eq.  3.22)  = 770  electrons 

for  this  non-optimum  measurement  bandwidth. 

Also  shown  in  Fig.  4.12  is  the  preamp  frequency  response,  as 
obtained  from  the  Fourier  transform  of  the  current  impulse  response. 

The  FFT  trace  in  Fig.  4.12  is  the  "dashed  line"  with  zero  at  -4  divisions 
below  center,  displayed  at  a vertical  scale  factor  of  500uV/cm  and  a 
horizontal  scale  factor  of  256  MHz/cm  with  f = 0 at  the  ' jft  side  of  the 
picture  (each  dash  is  a frequency  interval  of  50  MHz).  Note  that  the 
frequency  response  is  quite  flat  out  to  300  MHz,  with  the  magnitude  of 
the  transimpedance  (VQjj/ip)  3db  down  at  f^^j^  = 402  MHz.  The  "noise 
bandwidth"  calculated  for  this  curve  is  f^^  = 412  MHz  (Appendix  A. 8). 

The  spectral  dependence  of  the  out,put  noise  for  GAASFET  preamp 
#5  is  shown  in  three  frequency  ranges  in  Fig.  4.13.  These  curves  were 
measured  with  the  same  cascaded  B&H  preamp  arrangement  discussed  previously, 
but  with  the  Tektrorjix  7L13  used  in  place  of  the  S-6  sampler.  The  scale 
readouts  here  may  require  some  explanation.  For  example,  in  Fig.  4.13  b), 
the  "lOdb/"  at  the  lower  left  means  the  display  is  log  with  10  db  per 
major-vertical  division,  while  the  "-30  dBm"  at  the  upper  left  means  that 
the  top  of  the  scale  (+a  div  above  center)  is  exactly  calibrated  for  a 
-30  dbm  sine  wave.  Note  that  as  discussed  in  Section  3.3.9  it  is  necessary 
to  add  2.40  db  to  the  indicated  dbm  values  for  absolute  Gaussian  noise 
values.  The  "10  MHz"  at  the  lower  right  means  that  the  horizontal 
frequency  scale  is  10  MHz/cm,  while  the  "0050  MHz"  at  the  top  center  means 
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Fig.  4.13  Noise  output  spectra 
from  GAASFET  Preamp 
§5  through  cascaded 
B&H'S. 


a)  0 to  1820  MHz  Frequency 
Range  (182  MHz/cm).  The 
thermal  noise  for  Rp=3Kn 
would  be  -62.64dBm. 


b)  0 to  100  MHz  Frequency 
Range  (10  MHz/cm).  The 
thermal  noise  for  Rp=3Kfi 
would  be  -72.4dBm. 


c)  0 to  5 MHz  Frequency 
Range  (500  KHz/cm).  The 
thermal  noise  for  Rp=3Ku 
would  be  -81.3dBm. 
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the  scale  center  is  at  a frequency  of  50  MHz.  For  all  spectra  reported 
here,  the  7L13  is  accurately  adjusted  to  put  f = 0 exactly  at  the  far  left 
division  marker.  The  "300  KHz  RES"  at  the  upper  right  is  the  nominal 
resolution  setting,  from  which  the  exact  noise  bandwidth,  aF  can  be  obtained 
from  Table  3.1.  The  "300  HZ  VF"  at  bottom  center  simply  describes  the 
amount  of  time  filtering  used  to  provide  good  noise  averaging  and  is  not 
rela;:ed  to  the  noise  bandwidth  for  the  noise  measurement. 

The  four  noise  traces  in  each  of  the  noise  spectra  in  Fig.  4.13 
simply  indicate  the  noise  contribution  from  each  amplifier  stage.  For 
example,  in  4.13  a),  the  lowest  curve  (-90.6  dBm)  is  the  noise  level 
of  the  7L13  itself,  while  the  next  higher  curve  (-86.5  dBm)  is  the  noise 
level  when  the  B&H  AC  3020  is  connected  to  the  7L13  input  (with  input 
terminated).  The  next  higher  curve  (-71  dBm)  is  obtained  with  the  B&H 
DC  3002  with  terminated  input  driving  the  AC  3020  (through  the  3dB  pad 
used  to  reduce  cable  reflections),  while  the  uppermost  curve  was  obtained 
when  GAASFET  preamp  #5  was  connected  to  the  input  of  the  B&H  DC  3002 
(V^pp  = 80  volts,  no  light  signal  input).  While  it  may  appear  from  the 
log  display  in  Fig.  4.13  a)  that  most  of  the  noise  comes  from  the  B&H 
50fi  amplifiers  and  only  a little  from  our  GAASFET  preamp,  this  is 
not  the  case.  For  example,  at  200  MHz  the  noise  output  with  the  GAASFET 
preamp  is  lOdB  above  the  B&H  noise  level  This  means  that  90%  of  the 
measured  noise  power  in  the  upper  curve  is  from  the  GAASFET  preamp  and 
only  10%  from  the  B&H's,  or  in  other  words,  the  measured  noise  voltage 
is  only  5%  higher  than  if  there  were  no  B&H  noise  at  all.  (If  the  noises 
differ  by  15dB  the  voltage  error  is  only  1.6%  and  for  20dB  it  is  only 
0.5%.) 

We  note  in  Fig.  4.13  a)  that  the  noise  over  most  of  the  receiver 
passband  is  only  sliv.‘’tly  above  the  calculated  Johnson  noise  from  the 
3Kfl  feedback  resistance  except  for  the  high-frequency  noise  "bump"  from 
200  to  400  MHz  (this  is  a refleccion  of  the  e-j  voltage  noise  term  in 
Eq.  2.33)  and  the  "1/f"  noise  below  25  MHz.  We  should  note  that  at 
frequencies  above  600  MHz  the  noise  is  due  mainly  to  the  Q2  output  stage 


167 


I 


SC571.16TRF 


and  the  B&H  preamps  and  we  would  anticipate  that  lower  performance 
could  be  achieved  by  limiting  the  bandwidth  to  eliminate  much  of  this  noise 
The  "1/f"  noise,  noticeable  below  20  to  30  MHz  in  Fig.  4.13  b)  and 
dominating  the  preamp  noise  in  Fig.  4.13  c),  provides  a significant 
contribution  to  the  overall  output  noise.  This  noise  is  caused  by  e-j 
in  Fig.  2.8  becoming  very  large  at  low  frequencies  (see  Fig. 4. 38) 
presumably  because  of  noise-generating  trapping  states  in  the  GAASFET 
at  either  the  gate  metal-GaAs  interface  or  the  n GaAs-semi  insulating 
GaAs  interface.  It  is  anticipated  that  technological  improvements 
in  these  devices  in  the  future  will  reduce  this  1/f  noise.  However, 
for  many  applications  the  1/f  contribution  can  be  reduced  simply  by 
limiting  the  low  frequency  measurement  limit  with  a high-pass  filter 
in  the  output.  (V^  also  contributes  some  1/f  noise  - See  pp.  212  - 214.) 

As  mentioned  above,  the  3 GHz  measurement  bandgwidth  is,  from 

Fig.  4.13  c),  clearly  too  wide  for  optimum  performance  with  preamp  §5. 

For  example,  if  we  convolve  the  impulse  response  of  Fig.  4.12  with  a double 

pole  filter  response  with  a time  constant  of  0.2  nS  (corner  frequency 

of  796  MHz  or  f^^j^  of  510  MHz)  we  obtain  less  than  a 14%  reduction  in 

peak  height,  but  grt  rid  of  much  of  the  unnecessary  noise  above  500  MHz 

in  Fig.  4.13  a).  For  example,  experimentally  when  we  used  cascaded 

HP  35002A  preamps  (A  =*  100,  f^^g  - 714  MHz)  instead  of  the  B&H's,  we 

obtained  a lower  for  preamp  #5  (even  though  the  noise  figure  for 

the  HP's  is  not  as  good  as  the  B&H's).  With  the  cascaded  HP's,  GAASFET 

preamp  §S  gave  (V/Q).  = 7.06  X 10^^  V/coul  and  y = 6.707  mV  in  the 
0 no 

40  KHz  to  714  MHz  bandwidth  to  give  = 590  electrons.  If  lower  band- 
width filtering  were  used  with  an  appropriate  high-pass  filter  for  1/f 
noise  rejection,  values  under  550  electrons  could  probably  be  achieved 
with  GAASFET  preamp  §S. 

The  noise  equivalent  power,  NEP,  at  any  given  frequency  may  be 
calculated  from  the  noise  output  spectrum  of  Fig.  4.13  and  the  preamp 
transimpedance  (R^  and  its  frequency  dependence  as  given  in  4.12)  and 
associated  gains.  Over  most  of  the  preamp  bandpass  the  noise  output  is 
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reasonably  close  to  the  Johnson  noise  level  from  the  3KS2  feedback 
resistance.  For  example,  at  f = 200  MHz,  the  NEP  obtained  from  Fig.  4. IT  a) 
assuming  M = 1,  t?  = 0.96,  hv  = 1.165eV  (1.064u)  is  (Eq.  4.2)  NEP=4.2X10"^^  W/»4li 
whereas  the  theoretical  NEP  for  Rp  = 3Ksi  is  2.82  X 10'^^  W/>4iz.  While 
we  can  directly  measure  NEP  values  only  at  harmonics  of  our  model ocked 
laser  frequency  (Section  3.3),  we  have  obtained  good  agreement  between 
the  measured  NEP  values  and  those  calculated  from  the  noise  spectrum. 

The  current  impulse  response  shape  in  Fig.  4.12  is  slightly 
oscillatory,  which  could  lead  to  some  intersymbol  interference, 
particularly  if  the  data  rate  were  of  the  order  of  600  Mb/s.  At  a data 
rate  of  400  Mb/s  this  would  not  be  significant  since  the  ringing  is  at 
a null  2.5  ns  beyond  the  peak.  The  maximum  usable  data  rate  for  6-function 
pulsed  data  would  be  about  800-900  Mb/s  before  the  "peak  to  zero"  full 
time  would  begin  to  generate  massive  intersymbol  interference.  Most  of 
the  key  performance  parameters  for  this  preamp  are  summarized  in  Fig.  4.11. 

The  area  photoresponse  or  quantum  efficiency-gain  product  verus  position 
for  the  APD  in  preamp  #5  is  shown  in  Fig.  4.8.  The  orientation  of  this 
picture  is  as  seen  looking  at  the  light  entrance  window  side  of  the 
preamp  with  the  signal  output  connector  and  power  supply  monitor  cable 
going  to  your  left  and  the  test  input  connector  to  your  right  (the 
conical  light  entrance  hole  toward  the  right  of  center),  as  in  Fig..  1.1. 

4. 2. 1.3  Performance  Results  for  GAASFET  Preamp  ^4 

The  Mark  lA  GAASFET  preamp  #4  is  similar  to  §S  and  most  of  the 
same  comments  apply.  Fig.  4.14  shows  the  current  impulse  response  for 
preamp  M with  = 80  volts  measured  through  cascaded  B&H's  (20mV/cm 
vertical  with  zero  3 cm  below  center,  Ins/cm,  zero  at  4 cm  below  center, 

Ins/cm  horizontal),  together  with  its  integral  (20  pVS/cm,  zero  at  4 cm 
below  center,  Ins/cm)  and  FFT  frequency  response  displayed  at  250uV/cm 
vertical,  204.8  MHz/cm  horizontal,  with  zero  frequency  at  the  left  edge 
(vertical  zero  4 cm  below  center).  For  GAASFET  preamp  #4,  Rp  = 3Ka  and 
A-j  = 5.3,  giving  R^  = 2525i],  and  the  measured  output  stage  gain  is 
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Fig.  4.14  Current  Impulse  Response  for  Mark  lA  6AASFET 
Preamp  M Measured  Through  Cascaded  B&H's. 

Input  pulse  was  Ng  = 8005  electrons.  Current 
impulse  response  displayed  at  20  mV/cm  vertical 
(zero  3 div  below  center),  InS/cm  horizontal, 
with  integral  at  20  pVS/cm.  Also  shown  is  the 
FFT-derived  frequency  response,  displayed  at 
250pV/cm  vertical  (zero  at  bottom),  204.8 
MHz/cm  horizontal  (zero  at  left  edge). 
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Ao  = 0.34  into  a 50^2  load.  From  Fig.  4.14  we  have  V„  = 78.82mV  and 
^ r -n  P 

/ Vq^jt  dt  = 8.501  X 10  Vs,  so  the  charge  pulse  magnitude  was 

Q„  = 1.28  X 10"^^  COUL  or  = 8005  electrons.  The  pulse  gain,  then,  is 

P ^ ^ 

(V/Q)^  = 6.145  X 10  volts/coul.  The  measured  rms  noise  output  with  the 

B&H  preamps  using  a 375  KHz  high-pass  filter  (blocking  capacitor)  for 

1/f  rejection  was  7.822mV  rms  (Gaussian),  so  for  this  375  KHz  to  3 GHz 

measurement  bandwidth  we  obtain  N = 795  electrons.  From  the  FFT  we  have 

0 

(relative  to  the  response  at  60  MHz),  f^^i^  = 303  MHz  and  fj^  = 357.3  MHz, 
considerably  lower  bandwidth  than  preamp  #5.  However,  the  shape  of 
the  current  impulse  response  for  M is  nice,  with  only  minimal  overshoot, 
though  it  is  slower,  dropping  from  peak  to  <5%  of  peak  in  1.55ns,  which 
would  make  the  receiver  applicable  for  data  rates  up  to  about  650  Mb/s 
before  the  onset  of  major  intersymbol  interference. 

The  spectral  density  of  the  noise  output  measured  for  Mark  lA 
GAASFET  preamp  #4  is  shown  in  Fig.  4.15.  As  in  preamp  #5,  the  noise 
output  over  most  of  the  preamp  passband  is  quite  close  to  the  Johnson 
noise  on  the  feedback  resistance.  The  NEP  is  calculated  from  the  noise 
voltage  for  M=1  by 


hv  V„ 


NEP  = 


V Rq(T)  Ag  Agg^|,| 


(4.2) 


where  is  obtained  from  Fig.  4.15  using  Eq.  3.13  and  RQ(f)  is  corrected 
from  the  baseband  value  of  R^  = 2525J1  for  #4  using  the  FFT  frequency 
response  in  Fig.  4.14.  For  example,  at  f = 100  MHz  we  have  the  noise 
level  from  Fig.  4.15  a)  is  -59.3  dBm  or  from  Eq.  3.13  using  aF  from 
Table  3.1,  V^  = 2.32  X 10"^  volts/v4lz.  Taking  hv  = 1.165eV,  v = 0.96, 

Ao  = 0.34,  Ao»u  = 77.2  and  R (100  MHz)  ^ 2248n  we  have  NEP=4. 77X10“^^  W/v4iz, 
not  quite  as  good  as  #5.  The  reason  for  the  poorer  noise  performance  of 
#4  stems  both  from  its  more  limited  bandwidth  and  from  higher  voltage  noise, 

e^ , in  the  GAASFET.  This  is  noticeable  both  in  the  1/f  noise,  which 
is  typically  lOdb  higher  in  If4  below  10  MHz  as  compared  to  #5,  and  in 
the  high-frequency  noise  "bump",  which  extends  well  above  600  MHz  in  M 


171 


«;r.«;7i  ifiTRF 


Fig.  4.15  Noise  output  spectra 
from  GAASFET  Preamp 
^4  through  cascaded 
B&H's. 


a)  0 to  1820  MHz  Frequency 
Range  (182  MHz/ cm).  The 
thermal  noise  for  Rp=3Kp 
would  he  -61.34dBm. 


b)  0 to  100  MHz  Frequency 
Range  (10  MHz/cm).  The 
thermal  noise  for  Rp=3K$l 
would  be  -71.1dBm. 


c)  0 to  5 inMz  Frequency 
Range  (500  KHz/cm).  No 
high-pass  filter  used. 

The  thermal  noise  for 
Rp=3Kii  would  be  -80.0dBm. 
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as  compared  to  400  MHz  in  #5,  even  though  the  bandwidth  in  #5  is  larger. 
While  some  of  this  high-frequency  noise  could  come  from  larger  Cjj^  and  Cp  in 
#4,  it  is  most  likely  that  the  FMX-950  6AASFET,  Q-j , in  #4  is  just 
unusually  noisy. 

As  with  preamp  #5,  reducing  the  measurement  bandwidth  for  #4 
gave  improved  results.  With  preamp  ^^4  followed  by  a B&H  DC  3002, 
a blocking  capacitor,  a 3db  pad  and  an  HP  35002  preamp  into  the  S-6 
sampler  for  a 375  KHz  to  ~ 714  MHz  measurement  bandwidth,  we  obtained 
(V/Q)^  = 5.38  X 10^^  and  = 6.222mV  rms  for  a value  of  minimum 
detectable  current  pulse  of  = 720  electrons.  Somewhat  smaller  band- 
widths  would  be  closer  to  optimum  for  this  preamp  so  probably  better 
Nq  values  could  be  obtained,  but  not  as  good  as  for  §5  which  would 
probably  give  under  550  electrons  with  the  1/f  noise  filtered  out. 

The  spatial  photoresponse  (gain  versus  position)  for  the  APD  in  preamp 
#4  is  shown  in  Fig.  4.7,  with  the  same  preamp  orientation  as  discussed 
for  preamp  #5. 

4.2.2  Results  for  Mark  II  6AASFET  Preamp 

4. 2. 2.1  Circuit  Description  for  GAASFET  Preamp  §7 

The  "Mark  II"  GAASFET  preamp  design  represents  an  extension 
of  the  Mark  lA  approach  directed  toward  obtaining  nearly-optimum  results 
in  the  laboratory  400  Mb/s  1.06u  communications  system  bit  error  rate 
tests  at  McDonnell  Douglas,  St,  Louis  (carried  out  on  these  preamps  by 
Dr.  Samuel  Green).  It  became  clear  in  this  testing  that  the  "EMI" 
environment  present  in  the  test  facility  could  cause  sufficient  pick  up 
through  cable  grounds,  power  supplies,  etc.,  to  degrade  the  bit  error 
rate  performance  of  the  Mark  lA  preamps.  Hence  extra  internal  gain 
in  the  hybrid  integrated  preamp  would  be  desirable.  Further  effective 
wi de-bandwidth,  short  sampling  pulse  data  detection,  as  required  for 
the  optimum  communication  performance  of  these  wideband  integrated 
GAASFET  preamps  was  not  implemented  in  the  McDonnell  test  facility,  so 
that  a preamp  optimized  for  lower  bandwidth  would  better  match  their 
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measurement  system.  The  "Mark  II"  preamp  design,  shown  in  simplified 
form  in  Fig.  2.11,  incorporates  these  changes,  and  further  represents 
a more  sophisticated  approach  in  terms  of  carrying  out  much  of  the 
peripheral  electronics  handled  in  the  power  supply-controller  in  the 
Mark  I A preamps  right  on  the  hybrid  substrate.  (For  example,  instead 
of  the  five  power  supply  potentials  required  in  the  Mark  lA  preamps, 
the  Mark  II  operates  off  of  a standard  +15  volt  power  supply.) 

The  circuit  diagram  for  the  Mark  II  GAASFET  preamp  #7  is  shown 
in  Fig.  4.16,  with  the  power  supply-monitor  unit  shown  in  Fig.  4.17. 

Fig.  4.18  shows  a functional  block  diagram  for  the  receiver,  including 
key  performance  parameters.  The  "op-amp"  stage  in  Fig.  4.16  and  4.18 
is  essentially  identical  to  that  in  the  Mark  lA  receiver  design.  Q-j  is 
a 2u  gate,  single  gate  GAASFET  with  g^^  = 13  mmho  and  s IKfi  (the  best 
value  we  have  measured  for  a single-gate  GAASFET),  giving  A-j  = 6.4. 

The  gain  bandwidth  of  this  "op-amp"  in  #7  is  about  50^  higher  than  in 
the  Mark  lA  preamps,  achieved  by  careful  redesign  to  minimize  Cj^.  The 
feedback  resistance  is  Rp  = 4Kfi  or  R^  = Rp/(1+1/A^)  = 3460fi.  The  Qg 
gain  stage  is  similarly  designed,  giving  similar  gain  bandwidth  product, 
only  in  this  case  an  FMX-950  with  similar  g^^  (0.0127  mho)  but  lower 
Rp  (580o)  is  used  to  give  a lower  gain  (A2  = 4.6)  but  wider  bandwidth 
stage  (f3(j|j  = 500  MHz  as  opposed  to  ~ 375  MHz  for  the  Q.|  stage).  The 
second  stage  is,  of  course,  operated  open-loop,  with  bias  stabilization 
provided  through  a low  frequency  silicon  bipolar  transistor  differential 
amplifier  hybrid  integrated  on  the  alumina  substrate  (indicated  by 
A = 160  in  Fig.  4.18).  A 500  microstrip  line  from  an  extra  3mm  connector 
("2nd  stage  test  input-output")  is  tapped  into  the  load  resistance  Rj^g 
at  point  50n  from  ground.  This  test  port  may  be  used  to  inject  test 
signals  (such  as  a "pedestal"  pulse  for  data  sampling,  etc.)  to  be 
summed  with  the  photocurrent  signal,  or  to  tap  off  a signal  from  the  Qg 
stage. 

The  Qj  output  line  driver  stage  is  again  of  similar  design 


174 


Fig.  4.16  Circuit  diagram  for  Mark  II  GA4SFET  preamp  I, 


IW  IRIKPOI  ADJUSIS  2tft0  Of  fCCOCACK  VOUACC  HOnilOR  OOlrUI. 


GAASFET  PREAill*  IIARK  11 


SC571.16TRF 


— It 

2 < 


ca  Cl 

■a  e 

CO  ^ 


S=  *J  £ 


2 

o 


CJ  3C  5>  e« 


O CO  CM  ^ 


W o. 

O a;  e *o 

cc  »o  ^ 

CO  <y  cn  C7 

<u  V.  3 

/ VJ  Cfc  o >* 

*3  P ^ 


ij  ^ 

fsj  M 


O 

" « 
00  o 
< •© 


r«.  « 


»•  CO 
«3  O 
<3  to 


^ S' 

o o 

0 o 
—I  *W 

1 . CO  I 

C i*-  c 
CJ  Hi 

o.  c. 


2 


CO 

-o  p 
00  3 
Cl 


A 

S3 

a. 

cC 


01? 

a 


a 

e- 

< 


3 

a 


Fig.  4.18 


Function  block  diagram  for  the  Mark  I 
with  specific  values  and  perfrniiance 
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parameters  for  preamp  ^ 
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to  the  Mark  lA  receiver,  giving  the  same  very  low  VSWR  output  (p  = +2%). 
However,  since  this  is  now  the  3rd  stage  in  the  receiver  where  noise  is 
less  important,  is  operated  at  a drain  current  of  30mA,  giving  higher 
g^jj  so  that  A^  = g^^^^  (25si)  = 0.37  and  allowing  larger  output  voltage 
swings  (+.75  V to  <-lV  into  R|^  = 50J2).  The  dc  output  balance  in  preamp 
#7  is  maintained  by  a differential  amplifier  similar  to  that  used  for  the 
Q2  stage.  The  preamp  dc  output  is  maintained  at  0 + 2mV  or  less  by  this 
bias  feedback  amplifier.  It  should  be  noted,  however,  that  in  preamp  #7, 
with  the  O.Oluf  diff-amp  output  capacitor  shown  in  Fig.  4.16  and  4.18, 
the  output  stage  will  gently  oscillate  at  a low  frequency  if  the  output 
is  not  ^ terminated  with  50R  (~  100  ohms  or  less).  If  this  capacitor 
is  changed  to  O.lyf,  the  output  stage  should  be  open-circuit  stable  as 
well.  The  power  supply-monitor  unit  for  the  Mark  II  preamp  §7  is  simpler 
than  for  the  Mark  lA's.since  the  power  supply  functions  are  done  on  the 
hybrid  IC  itself.  A gain  of  10  is  used  in  the  dc  photocurrent  monitor 
and,  instead  of  warning  lights,  a meter  is  incorporated  to  directly 
read  the  voltage  across  the  feedback  resistor  (with  ranges  corresponding 
to  5mV,  50mV,  BOOmV  and  1.5  volts  across  Rp),  where  the  dc  photocurrent 
is  this  voltage  divided  by  Rp,  4000R 

4. 2. 2. 2 Performance  Results  for  GAASFET  Preamp  §7 

The  current  impulse  response  for  = 100  volts  for  Mark  II 
GAASFET  preamp  #7  is  shown  in  Fig.  4.19.  The  test  charge  pulse  for  this 
figure  was  produced  by  applying  a = 244.2  mV  (see  Section  3.3.10) 
pulse  from  the  S-52  pulse  generator  into  the  "50n  test  loop"  of  the  preamp 
with  a 50r  termination  on  the  other  end  of  the  loop.  The  charge  impulse 
is  produced  by  capacitive  differentiation  of  the  input  step  by  the  internal 
proximity  capacitance  from  the  test  loop  to  the  input,  = 3.45  X 10”^^  f 
(as  calibrated  from  Fig.  4.19).  The  preamp  output  in  Fig.  4.19  is 
v'.onnected  directly  to  the  S-6  sampling  oscilloscope  head  and  the  signal - 
averaged  output  is  the  (downard  going)  pulse  with  its  zero  2 cm  above 
center  (lOmV/cm  vertical,  Ins/cni  horizontal).  The  5 GHz  damped  ringing 
on  the  front  of  the  pulse  has  been  smoothed  out  digitally  in  the  upper 
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Fig.  4.19  Current  Impulse  Response  for  Mark  II  GAASFET  Preamp  H7 
Measured  With  Output  Directly  into  S-6  Sampler.  Input 
pulse  was  Ng  = 53,000  electrons.  The  current  impulse 
response  is  displayed  directly  (zero  at  2 div  above 
center)  and  digitally  smoothed  (zero  at  top),  both  at 
10  mV/cm,  InS/cm,  with  the  integral  response  at  10  pVS/cm. 
Also  shown  is  the  FFT-derived  frequency  response  dis- 
played at  500uV/cm  vertical  (zero  at  bottom),  256  MHz/cm 
horizontal  (zero  at  left  edge).  Note  that  the  bandwidth 
of  the  02  internal  gain  stage  is  about  500  MHz. 
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curve  (zero  at  4 cm  above  center,  lOmV/cm,  Ins/cm)  to  simulate  the  response 
which  would  be  measured  with  any  bandwidth-limiting  preamp  following  the 
GAASFET  receiver.  Also  shown  in  the  lighter  curve  starting  at  4 cm  above 
center  is  the  integral  of  the  current  impulse  response  (10  pVs/cm,  Ins/cm), 
with  a step  height  of  J*  Vq^j  dt  = -5.068  X 10"^^  Vs.  Note  that  for  the 
Mark  II  preamps,  the  output  polarity  is  negative  for  a positive  photocurrent 
pulse  because  of  the  extra  inverting  gain  stage  in  the  Mark  li  as  compared 
to  the  Mark  I A or  Mark  III  designs.  From  Eq.  3.20  we  have,  using 

= 3460SJ,  Ag  = 4.6  and  A^  = 0.375,  Qp  = 8.5  X 10"^^  coul  or  N^  = 53,000 
electrons.  The  peak  height  of  the  smoothed  impulse  response  in  Fig.  4.19 
is  Vp  = -40.02mV,  so  that  we  have  (V/Q)^  = 4.71  X 10^^  volts/coul  at  the 
preamp  output  (with  any  wideband  amplifier  followingt  it  would  be 
essentially  this  value  times  the  amplifier  gain).  We  have  also  measured 
this  pulse  gain  with  cascaded  B&H  preamps  (3  GHz  BW)  following  #7,  giving 
(V/Q)^  = 3.5  X 10^^  volts/coul,  and  with  the  B&H  DC  3002  feeding  an  HP  35002 
(~  714  MHz  BW)  50n  preamp,  giving  (V/Q)^  = 4.4  X 10^^  volts/coul.  The 
voltage  noise  outputs  for  these  amplifier  arrangements  were  v^^  = 27.48  mV 
(Gaussian)  for  the  cascaded  B&H's  (with  375  KHz  hi-pass  filter)  and 
Vno  = 34.50  mV  for  the  B&H  DC  3002-HP  35002A  configuration  (also  with 
Hi -pass  filter).  The  values  for  these  two  50n  amplifier  arrangements 
are  N = 490  electrons  for  the  375  KHz  to  3 GHz  bandwidth  and  = 492 
electrons  for  the  375  KHz  to  ~ 714  MHz  bandwidth.  This  insensitivity 
to  the  post-amplifier  measurement  bandwidth  is  reasonable,  since  the 
measurement  bandwidth  and  noise  level  is  in  fact  largely  established  by 
the  internal  gain  stage  (Q2)  with  about  a 500  MHz  bandwidth. 

Also  shown  in  Fig.  4.19  is  the  FFT-derived  frequency  response 
(frequency  dependence  of  transimpedance)  of  preamp  §7  (dashed  curve 
with  zero  4 cm  below  center,  500uV/cm  vertical,  256  MHz/crn  horizontal 
with  zero  frequency  at  the  left  edge).  (T.he  display  range  of  this  FFT 
does  not  show  the  high  frequency  ringing  peak  at  5 GHz;  it  is  about 
1 GHz  wide  with  an  amplitude  of  about  350uV.)  The  3dB  bandwidth 
of  the  preamp  is  F^^g  = 290  MHz  as  measured  at  the  preamp  output 
(f^j  = 305  MHz),  but  note  that  this  includes  the  limitation 
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of  the  2nd  stage  bandwidth.  Assuming  a 500  MHz  bandwidth  of  Q2,  the  first 
stage  "op-amp"  probably  has  a closed  loop  bandwidth  of  about  f^^j^  = 360 
MHz,  better  than  the  Mark  lA  preamps  even  with  a larger  Rp  (4K  rather  than 
3K).  This  is  due  to  the  improved  gain  bandwidth  product  of  the  Mark  II 
preamp.  The  output  pulse  shape  in  Fig.  4.19  is  very  nice,  with  critical 
damping  and  virtually  no  inter-symbol  interference  for  its  designtd 
400  Mb/s  data  rate.  Its  "peak  -co  5%"  fall  time  is  about  1.4ns,  limiting 
the  maximum  data  rate  to  about  700  Mb/s  before  the  onset  of  massive, 
intersymbol  interference. 

The  output  noise  spectra  for  Mark  II  6AASFET  Preamp  #7  with 
V^pg  •-  80  volts  are  shown  in  Fig,  4.20.  Figure  4.20  a)  is  the  output 
with  cascaded  8&H  preamps  (Ag^^^  = 77.2),  while  4.20  b)  and  c)  are  with 
a single  B&H  DC  3002  preamp  (A  = 9 (Actually,  Fig.  4.20  b)  and  c) 
were  measured  with  Rp  = 5KO  anvi  v.ictout  van  APO,  but  this  will  not  change 
the  noise  in  the  1/f  region  significantly.)  We  note  in  rig.  4.20  a) 
that  in  the  receiver  passt-md,  the  receiver  output  noise  is  about  25  db 
above  the  B&H  preamp  noise,  by  virtue  of  the  higher  Rp  and  extra  Qg 
gain  between  the  "op-amp"  and  the  output  (AgA^  is  + 4.62  db  in  §7  as 
opposed  to  Ag  = -10.7  db  in  preamp  #5,  for  example).  The  noise  level 
of  the  Qg  gain  stage  (measured  by  saturating  in  the  open-loop  testing) 
would  lie  at  about  -57  dBm  in  the  passband  in  Fig.  4.20  a)  from  about 
180  uo  360  MHz  increasing  gradually  below  180  MHz  to  about  -54.5  dBm 
at  -45  MHz  and  peaking  on  the  high  frequency  side  at  450  MHz  at  -55  dBm 
before  falling  off.  We  can  use  Fig.  4.20  a)  to  calculate  the  NEP 
for  receiver  #7  by  Eq.  4.2.  At  200  MHz,  we  have  a nois^  level  of 
-44.8  dBm  or  = 1.23uV/v^,  so  taking  hv  1.165eV,  v = 0.96, 

Rq  (200  MHz)  ^ 2.9430,  Ag  = 4.6,  Ag  = 0.37  and  Ag^,^  = 77.2,  we  have 
NEP  = 3.85  X 10'^^  watts/ /Hz.  By  a more  accurate  calibration  method, 
that  of  using  a dc  light  source  to  injert  a measured  photocurrent  for 
which  the  shot  noise  can  be  calculated,  a 100  MHz  value  of  NEP=2.86X10~^^W//Rz 
was  obtained  ir  oreamp  #7  with  Rp  = 49500,  which  would  scale  to  3.2X10”^^W/y4lz 
with  Rp  = 4Ko  (assuming  i^j  limits  NEP).  These  NEP  figures  are,  of  course. 
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Fig.  4.20  Noise  output  spectra 
from  Mark  III  GAASFET 
Preamp  #7. 


o)  0 to  1820  MHz  Frequency 
Range  (182  MHz/cm). 

V/\po  = 80  VOLTS,  through 
cascaded  B&H's.  The  thermal 
noise  for  Rp=4K«  would 
be  -46.1  dBm.  The  2nd  stage 
preamp  noise  level  would  be 
at  about  -57dBm  in  the  pass- 
band. 


b)  0 to  100  MHz  Frequency  Range 
(10  MHz/ cm)  measured  through 
B&H  AC  3020  only  (as  in  c). 
W/o  APD,  Rp=5KQ.  The  thermal 
noise  for  Rp-5Kn  would  be 
-73.1  dBm. 


c)  0 to  5 MHz  Frequency 

Range  (500K  Hz/cm).  W/O  APD, 
P.p=5Kii.  The  thermal  noise 
for  Rp=5Kiii  would  be  -81.95dBm. 
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with  no  avalanche  gain  (M  = 1)  and  would  improve  as  in  the  preamp 
noise  limited  region. 

The  gain  dependence  of  the  NEP  for  GAASFET  Preamp  #7  can  be 
seen  from  Fig.  4.21,  which  shows  the  273  MHz  signal  and  noise  outputs 
of  preamp  7 (as  measured  with  the  Tektronix  7L13  spectrum  ar  ,yzer)  with 
a 19.6  mW  signal  input  from  our  modelocked  Nd-YAG  laser  focused  on  the  gain 
area  at  the  lower  right  in  Fig.  4.22  c).  (This  measurement  technique 
was  discussed  in  Section  3.3.5).  The  modelocked  laser  was  "slow"  (i.e., 
putting  out  wide  pulses)  during  this  measurement,  but  stable,  so  the 
pulseshape  was  measured  and  the  FFT  taken  with  the  DPO  to  give  the 
fundamental  (273  MHz)  form  factor  f = 0.785  for  this  waveform.  (When  the 
laser  is  putting  out  short  pulses,  f-|  ~ 0.95  to  0.98.)  Using  Eq.  3.3, 
we  calculate  the  rms  photocurrent  as  1^=18. 68nA  rms  at  273  MHz.  The  NEP 
will  be  given  by 


_ hv  (rms) 


(4.3) 


where  hv  = 1.165  eV  for  X = 1.064y  and  aF  = 26.79  KHz  for  the  nominal 
"30  KHz"  resolution  setting  (Table  3.1).  The  noise  and  signal  levels  at 
Vapd  = 80  volts  in  Fig.  4.21  were  accurately  calibrated  using  an  HP608C 
generator  as  an  amplitude  reference. 

The  calculated  signal  level  for  v = 0.96,  M = 1 (at  V^pp  80  volts) 

would  be 


VsiG  = tjMI^RqA2A2A 


B&H 


(4.4) 


or  with  Rq  (273  MHz)  = (0.72) (3460)  = 2490O,  = 4.6,  A3  = 0.37  and 

\&H  ~ '^SIG  " “ -50.5  dBm,  in  excellent 

agreement  with  the  measured  -50.9  dBm  output  at  = 80  volts.  We  note 
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Variation  of  273  MHz  Signal  Output  and  Illuminated  and 
Dark  Noise  Outputs  for  Mark  II  GAASFET  Preamp  §7  (b) 
with  final  delivered  APD.  Noise  curves  are  measured  by 
detuning  spectrum  analyzer  off  of  modelocked  laser 
frequency. 
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in  Fig.  4.21  that  while  the  gain  increases  with  increasing  above 
punchthrough,  the  preamp  noise  stays  essentially  constant  to  bias  voltages 
very  near  breakdown  (125V).  In  the  dark  (lower  noise  curve  near  Vg),  the 
noise  increases  by  only  0.6  dB  from  V^pg  = 80  volts  (M  = 1)  to 
V^pg  = 124.9  volts  (M  16.5  db)  because  of  the  low  multiplied  dark  current 
of  the  APO.  With  the  light  signal  applied,  the  multiplied  shot  noise 
on  the  photocurrent  increases  the  noise  level  up  to  several  db  near 
breakdown,  so  that  the  optimum  signal  to  noise  ratio  occurs  at  a lower 
bias  at  higher  signal  levels.  Another  way  of  expressing  this  is  that  the 
NEP  at  optimum  bias  is  a function  of  the  dc  light  signal  (or  background 
light)  level. 

We  can  obtain  the  value  of  calculate  NEP 

directly  as  the  vertical  separation  between  the  signal  and  noise  curves, 
i.e.. 


V (V  (dBm)+2.4-V.(dBm))/20 

^ = 10  " ^ (4.5) 

''SIG 

where  the  2.4  db  correction  to  the  noise  level  is  as  discussed  in 
Section  3.3.9  (Eq.  3.13).  Hence  for  V^pp  = 80  volts,  we  have 

= -83.7+2.4  dBm  and  = -50.9  dBm  or  from  Eq.  4.3,  NEP=4.0x10"^^W/tHz  at 
f = 273  MHz,  M = 1.  With  this  signal  level  applied  (19.6  nW),  the  optimum 
bias  or  this  spot  on  the  device  is  V^pg  ==  124.3  volts,  where  V^=-81.0+2.4  dBm 
and  Vg  = -37  dBm  for  NEP  = I.IXIO'^^  W//RI  (light  on).  On  the  other  hand, 
for  low  signal  levels  (dark  noise  curve)  we  would  have  atV^pp  = 124.9  volts, 

= -83.0+2.4  dBm  and  = -34.7  dBm  for  NEP  = 6. 7x10"^ (low  light 
level  or  dark).  This  illustrates  how  the  NEP  at  optimum  gain  is  a strong 
function  of  the  light  signal  or  background  light  level. 

The  spatial  variation  of  the  quantum  efficiency  and  gain  over  the 
area  of  the  5 mil  GaAs,  Sb  APD  in  preamp  is  shown  in  Fig.  4.22  for 

I ““A  A 

biases  of  a)  20  volts  (below  punchthrough;  displayed  at  high  contrast 
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Fig.  4.22  Scanning  light  micro- 
scope pictures  of  the 
273  MHz  photoresponse 
of  Mark  II  GAASFET 
Preamp  #7.  Scale  is 
1 mil/div. 

a)  = 20  volts 

(high  contrast  display) 
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to  show  pattern  effect),  b)  110  volts  showing  the  onset  of  noticeable 
variation  of  gain  with  position,  and  c)  124  volts  with  reduced  gain 
to  show  the  location  of  the  high  gain  areas.  The  highest  gain  regions 
are  the  area  noted  in  Fig.  4.21  and  the  area  1.5  mils  to  the  left  and 
just  slightly  above  the  APD  center.  The  quantum  efficiency  of  the  APD 
above  punchthrough  shows  virtually  no  spatial  variation  over  the  device 
until  the  onset  of  gain.  Note  in  Fig.  4.17  the  correlation  of  the 
crossings  of  the  bright  lines  in  a)  with  the  high-gain  points  in  c), 
as  discussed  in  Section  4.1.7. 

4 . 2 . 2 . 3 Performance  of  Mark  II  GAASFET  Preamp  #7  in  a 400  Mb/s  PGBM 

1,064u  Optical  Communications  System 

Because  the  Mark  II  preamplifier  design  was  specifically 
optimized  for  use  with  the  400  Mb/s  PGBM  communications  test  system  at 
McDonnell  Douglas  Astronautics,  St.  Louis,  it  is  particularly  interesting 
to  compare  the  results  of  their  measurements  on  GAASFET  preamp  #7  with 
our  calculated  performance.  The  test  results  are  measured  in  terms  of 
the  average  light  power  level,  P^^,  required  to  achieve  a given  probability 
of  error  per  bit  (or  bit  error  rate,  BER).  In  the  test  64  bit  PN  code 
used  in  the  measurements  there  are  32  "l*s"  and  32  "O's"  so  that 
P|^  ~ 1/2  q hv  R Npj^  where  R is  the  data  rate  (4X10^)  and  Npj^  is  calculated 
from  Eq.  2.20.  Actually,  the  factor  of  1/2  assumes  that  all  "I's"  are 
exactly  the  same  height  and  all  '0‘s"  are  exactly  zero,  which  is  not  the 
case  in  the  actual  system,  f igure  4.39  shows  the  64  bit  PN  code  data 
stream  measured  on  the  McDonnell  system.  As  can  be  seen,  there  is  both 
significant  zero  feedthrough  (McDonnell  estimates  this  at  a worst-case 
extinction  ratio  of  30:1  when  the  modulator  is  properly  adjusted),  and 
sizeable  variation  in  the  transmitted  pulse  heights,  pres»miably  due  to 
laser  output  fluctuations.  (In  Fig.  4.39  a),  the  peak-to-peak  amplitude 
fluctuations  for  a transmitted  "1"  are  ~ 12%  of  the  mean).  In  the  BER 
calculation  for  preamp  noise  limited  operation  (Section  2.1.3),  the 
important  signal  quantity  is  the  difference  in  amplitude  between  a "1" 
and  a "0".  When  these  amplitudes  are  not  exactly  fixed,  we  might  take 
as  a worst  case  treatment  the  difference  between  the  lowest  transmitted 
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"1"  and  the  highest  transmitted  "0"  as  the  signal  difference,  i.e., 


(4.6) 


as  the  worst  case  BER  condition  for  Eq.  2.12.  The  average  signal  level, 
however,  will  be 


"l  = (Vi  " "pho) 

In  other  words  the  average  light  power  measured  experimentally  depends  on 
the  sum  of  the  average  pulse  height  on  a one  plus  the  average  pulse  height 
on  a zero,  whereas  the  worst  case  BER  depends  on  the  difference  between 
the  minimum  pulse  height  on  a one  and  the  maximum  pulse  height  on  a zero. 
Using  this  worst  case  analysis  assuming  a worst  case 
(from  Fig.  4.39)  and  a worst  case  E.R.  of  30:1  with  an  average  E.R.  of 
40:1  we  would  have  as  a worst  case  required  signal  level  = 0.565  qhvR 
where  is  calculated  from  Eq.  2.20  with  S=0  (the  S-factor  is  included 
in  the  0.555).  Clearly  this  worst  case  analysis  is  too  severe  as  it  would 
predict  that  if  we  made  a bad  fluctuation  in  the  height  of  a single  bit 
in  the  stream  (as  in  transmitting  a zero  instead  of  a one  for  example), 
the  BER  would  go  to  1/2  whereas  in  fact  it  would  go  to  1/64  for  a 64  bit 
code.  In  other  words,  a major  amplitude  reduction  on  a single  bit 
increases  the  error  probability  only  on  that  bit,  not  on  all  of  the  others. 
Hence  we  should  adopt  a slightly  more  liberal  criterion  for  the  pulse 
height  deviation  and  modulator  extinction  ratio  than  the  absolute  worst 
cases  assumed  in  4.6.  If  we  take,  for  example,  an  average  3.5%  mean  to 
minimum  pulse  height  fluctuation  (rather  than  the  6%  worst  case)  and 
assume  a 40:1  value  for  average  extinction  ratio,  we  get 
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4.23  Comparison  of  Calculated  Average  Power  Required 
to  Achieve  a Given  BER  for  GAASFET  Preamp  #7 
(Mark  II)  With  Experimental  Points  from 
McDonnell  Douglas  measurements. 
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Pl  = 0.545  q hv  R Np^  = 1.09  3-^  (S.T.N.)  (4.8) 

for  the  average  light  power,  where  the  value  of  S.T.N.  is  obtained  from 
the  BER  from  Table  2.1 . 

In  Fig.  4.23  (solid  line),  Eq.  4.8  is  plotted  for  the  parameters 
measured  for  preamp  H7-,  q = 1.6022x10"^^,  hv  = 1.165  eV,  R = 4X10®,  n = 0.96, 

M = 1 at  = 80  volts,  and  N^  = 490  electrons.  At  BER  = 10'®,  for 
example,  STN  = 4.75342  and  we  calculate  Pj^  = 197  nW  average  1.064y  light 
power.  The  results  of  the  McDonnell  measurements  of  BER  versus  Pj^  for 
preamp  #7  at  = 80  volts  (M  = 1)  are  shown  as  the  data  points  in 
Fig.  4.23,  and  are  seen  to  be  in  excellent  agreement  with  our  calculated 
curve.  (For  example,  the  P^^  for  a BER  of  10’  was  measured  to  be  199  nW 
at  M = 1,  with  proportionately  lower  values  of  Pj^  for  avalanche  gains 
greater  than  unity.)  This  close  agreement  is  satisfying  in  that  it 
validates  both  the  theoretical  detection  model  of  Section  2.1  and  our 
preamp  model  and  measurement  techniques.  Further,  it  allows  us  to 
estimate  with  confidence  the  performance  which  can  be  obtained  with  such 
high-speed  receivers  as  the  Mark  III  designs  which  require  fast  sampling 
decision  logic  for  optimum  data  detection  (which  was  not  available  in 
the  McDonnell  test  facility). 

4 . 3 Performance  Results  for  the  Gigabit  Mark  III  GAASFET  Preamps 

While  the  original  Mark  I A and  Mark  II  GAASFET  preamplifier 
designs  perform  well,  as  discussed  in  section  4.2,  neither  is  fast  enough 
to  achieve  the  Air  Force  gigabit  data  rate  requirements.  The  "Mark  III" 
preamp  design  represents  an  extension  of  the  original  Mark  lA  design 
developed  to  obtain  both  gigabit  signal  bandwidths  and  (simultaneously) 
reduced  minimum  detectable  current  pulse  values. 

In  order  to  improve  bandwidths  and  reduce  noise  in  the  feedback- 
mode preamp,  we  must  improve  the  "op-amp"  to  a)  reduce  the  input  capacitance, 
Cji^,  b)  increase  the  open  loop  gain,  A-j , (so  that  we  can  increase  Rp  to  reduce 
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Johnson  noise)  and  c)  increase  the  gain-bandv.'idth  product  of  the  "op-amp". 

We  can  increase  the  open-loop  gain  and  gain-bandwidth  product  by  using  a 
6AASFET  as  which  has  a higher  transconductance,  We  can  further 
improve  the  open-loop  gain  by  increasing  the  output  drain  resistance,  R^, 
of  Q.|  by  going  to  a dual -gate  GAASFET  (see  section  2.3.5).  Further,  if  we 
use  a dual  lu  gate  GAASFET  instead  of  a 2p  gate  device  as  used  in  the  Mark  lA 
and  Mark  II  preamps,  we  can  reduce  To  improve  the  gain-bandwidth 
product  over  and  beyond  the  g^^^  improvement,  we  must  greatly  reduce  Cj^,  which 
we  can  accomplish  by  usin ; a source  follower  directly  on  the  drain  of  Q-j . 

All  of  these  changes  are  incorporated  in  the  Mark  III  GAASFET  preamp  ^8, 
and  the  results  are  excellent,  both  in  terms  of  bandwidth  and  noise.  These 
results  are  discussed  in  sections  4.3.1  and  4.3.2.  In  GAASFET  preamp  #6, 
however,  the  higher-g^^,  dual  Ip  gate  GAASFET's  used  in  #8  were  not  used, 
as  they  were  not  yet  available  at  the  time  of  delivery  of  the  receiver.  A 
commercially-available  dual  gate  GAASFET  with  lower  g^^^  and  wider  gates  was 
used  instead,  so  that  the  performance  improvement  over  the  Mark  lA  preamps 
is  not  very  dramatic,  though  it  did  attain  adequate  bandwidth  for  gigabit 
data  rate  communication.  The  performance  data  for  the  Mark  III  GAASFET 
preamp  §6  as  originally  delivered  to  the  Air  Force  are  presented  in 

section  4.3.3,  though  this  data  is  not  of  great  interest,  since  this  receiver 

is  currently  undergoing  modification  to  replace  Q.j  to  bring  it  up  to  the 
specifications  of  GAASFET  preamp  §8  (sections  4.3.1  and  4.3.2). 

4.3.1  Circuit  Description  for  the  Mark  III  Preamps 

The  simplified  circuit  diagram  for  the  Mark  III  preamp  design  is 
shown  in  Fig.  2.12.  The  circuit  diagram  for  GAASFET  preamp  18  is  shown  in 
Fig.  4.24;  preamp  #6  is  essentially  identical  except  for  Q-j  and  the  value 
of  Rp.  The  circuit  diagrams  of  the  power  supply-monitor  units  for  these 
Mark  III  preamps  are  shown  in  Fig.  4.25.  The  block  diagram  of  the  receiver 
design  is  shown  in  Fig.  4.26  along  with  key  performance  data  for  GAASFET 

preamp  §8  (#6,  after  modification,  should  be  similar  to  this).  The  block 
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diagram  for  the  Mark  III  receiver  is  very  similar  to  that  of  the  Mark  lA, 
only  the  specifications  of  the  "op-amp"  first  stage  are  radically  improved. 
The  monitor  portion  of  the  power  supply-monitor  unit  is  identical  to  that 
of  the  Mark  II,  including  the  meter  to  read  dc  photocurrent,  but  the  power 
supply  portion  is  more  complicated,  since  the  Mark  III  requires  several 
supply  potentials.  (Note  that  in  the  circuit  diagram  of  Fig.  4.25,  as 
in  Fig.  4.10,  small-10  ^ or  100  ^^-resistors  are  used  in  the  collector  of 
each  emitter  follower  to  avoid  high-frequency  oscillations;  these  have  been 
omi tted  from  the  drawi ng . ) 

The  Qj  output  stage  in  the  Mark  III  preamp.  Fig.  4.24  is  essen- 
tially the  same  as  Q2  in  the  Mark  lA  except  that  the  -3  volt  source  voltage 
is  derived  internally  from  the  -15  volt  supply  with  the  DN3250  PNP  transistor 
chip,  as  in  the  Mark  II.  Unlike  the  Mark  II,  however,  the  output  dc  balance 
adjustment  is  made  from  the  power  supply-monitor  unit  rather  than  from  an 
internal  differential  amplifier.  Q^,  a ly  gate  GAASFET,  operates  at  a bias 
cur'^ent  of  1^  = 17mA  with  a transconductance  of  about  15  mmho  (asi  shown  in 
Fig.  4.27c).  The  actual  stage  gain,  A^,  was  measured  by  bonding 

(temporarily)  the  "Q^  test  input"  line  to  the  gate  of  and  measuring  the 

pulse  gain,  A^  = 0.36  into  = 50  ii,  with  very  wide  bandwidth. 

The  output  TOR  for  this  output  stage  of  preamp  HZ  is  shown 
in  Fig.  4.28,  along  with  the  TOR  trace  when  the  preamp  i.s  replaced  by  a 
precision  50n  termination  (upper  curve-without  ripples~to  the  right  of 
center).  The  +5  cm  step  at  t = 2 ns  in  Fig.  4.28  is  the  original  S-52 
pulse  going  through  the  S-6  sampler  to  the  output  connector  of  preamp  #8, 
while  the  small  fluctuations  at  t = 4.4  ns  and  t = 4.9  ns  represent 
reflections  from  the  coax  to  microstrip  connection  and  from  the  drain  of 
Q2  (with  its  bonding  wires)  respectively.  The  fact  that  the  preamp  §8 
trace  falls  slightly  below  the  50n  reference  trace  for  t > 5 ns  is  a 
reflection  of  the  fact  that  the  parallel  combination  of  Rj^^  (54n)  and 
Rp2  is  slightly  less  than  50r.  We  see  that  the  peak  reflection  coeffi- 
cients are  -11%  at  4.85  ns  and  +10%  at  4.90  ns,  but  these  are  seen  only 
by  exceedingly  short  (~  50  ps)  pulsewidths,  much  less  than  the  preamp  signal 
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Fig.  4.27  Iq  vs.  Vqc  curves  for 
GaAs  MESFETS  in  Preamp 

as. 


a)  Qi  (dual  In  Gate,  G2  grounded), 
gn,  = 18.1  inmho  @ Ip  = 13  mA. 


b)  Qo  (single  2n  gate). 

g„,  = 12.1  mmho  (?![)  = 10.3  niA. 


c) 


m 


Q3  (single  In  gate). 

giii  = 15  mmho  0 Iq  = 17  mA. 


Fig.  4.28  Output  time  domain  reflectcmetry  traces 
for  6AASFET  Preamp  #8  and  a precision  50fi 
reference  termination  (upper  trace  is  right). 
50mV/cm  vertical,  InS  horizontal,  30  ps  time 
resolution. 
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pulsewidths.  For  reasonable  pulsewidths,  the  reflection  coefficient  is 
p ~ -2.8%.  Note  that  if  the  preamp  power  is  turned  off,  goes  into 
"saturation"  ® '^OS  " ^ 

a large  negative  reflection  coefficient  is  observed.  (See  Fig.  4.40). 

In  order  to  see  the  contribution  of  the  output  stage  noise  to 
the  total  preamplifier  noise  output.  Fig.  4.29  shows  noise  output  spectra 
from  the  preamp  with  the  gate  of  bonded  to  ground  (through  25n)  instead 
of  to  Q2  (i.e.,  the  same  configuration  used  to  measure  A^).  We  see  that 
above  the  1/f  region,  tho  output  stage  noise  plus  the  B & H DC3002  noise 
is  only  2 db  over  the  B&H  noise  itself,  or  the  noise  output  of  Qj  is 
less  than  the  input  voltage  noise  of  the  B & H DC3002  preamp.  Below  30MHz 
the  noise  exceeds  the  B&H  noise,  with  the  1/f  noise  from  GAASFET 
much  greater  (10  db  or  more)  below  5MHz. 

In  the  Mark  III  preamp  design,  a high  open-loop  gain  is  attained 
by  using  a hig'n  high  Rq  dual -gate  GAASFET  as  Q-j  with  a high  value 
of  R|^.  Fig.  4.27  a)  shows  the  Iq  vs.  characteristics  of  the  prototype 

dual  lu  gate  GAASFET  used  as  Q.|  in  preamp  #8.  This  device  has  g^=18.1mmho 
at  its  Iq  = 13.3  mA  bias  current.  The  output  drain  resistances  for 
single  In  gate  GAASFET's  of  this  type  are  usually  about  Rq  = 300n,  which 
would  give  an  open  loop  gain  of  less  than  5.4,  not  nearly  high  enough. 
However,  as  was  discussed  in  section  2.3.5,  the  dual  gate  device  looks  like 
a cascode  amplifier  of  higher  output  impedance,  given  by  Eq.  2.43.  For 
example,  from  Eq.  2.43  with  RQ^=RQ2=300fi  and  mmhos,  we  have 

(RQ)cAs“2230n.  In  order  to  exploit  this  high  Rq,  we  must  also  have  or 
high  R|^  value  (Rj^i=3Kn  in  §8)  and  hence  a high  supply  voltage  to  give  ade- 
quate dc  drain  current  (Vqq-|=+45  volts).  With  Rq=2230ji,  R|^=3Kn  and 
gjjj=18.1  mmhos,  we  calculate  A-j=23.2  (very  close  to  our  A^=23.0  experi- 
mental value). 

Of  course,  with  such  a high  (1300n)  impedance  level  at  the  drain 
of  Qp  it  is  essential  that  the  loading  capacitance  be  held  to  an 
absolute  minimum.  (A  value  of  Cj^=1.6  pf  as  in  preamp  #5  would  give  an 
open-loop  corner  frequency  of  only  77  MHz,  far  too  low  to  be  useful.) 
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Fig.  4.29  Noise  Output  Spectra  from 
the  output  stage  Preamp  #8 
with  the  gate  of  Q3  termi- 
minated  25n  to  ground. 
Measured  through  cascaded 
B&H  preamps. 


a)  0 to  1820  MHz  Frequency  Range 
(182  MHz/cm). 


b)  0 to  100  MHz  Frequency  Range 
(10  MHz/cm). 
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This  is  accomplished  in  the  Mark  III  design  by  buffering  the  output  stage 
and  level  shifter  stray  capacitances  from  the  drain  by  the  source 
follower,  Q2.  In  preamp  #8,  Q2  is  a 2y  gate  length,  single  gate  GAASFET 
(see  Fig.  4.27b)  with  mmhos  at  Ip2~^0*3  niA  and  Rp2="  800fi.  The 

gain  of  the  Q2  source  follower  should  be  approximately 

A2  = V[l+l/g^2^W‘^S2)^ 

or  for  Rg2=1250R+50r<,  Rp2"S00^  A2=0.85,  or 

A^2"AiA2=20  as  the  open-loop  gain  of  the  "op-amp". 

It  should  be  noted  that  operating  > which  has  a breakdown  voltage 
of  the  order  of  ~ 10  volts  from  a 45  volt  power  supply  represents  a 

dangerous  condition  in  that  if  becomes  too  negative,  Vq2  will  rise  and 
Q.|  may  very  well  "fail  the  smoke  test".  In  order  to  avoid  this  possible 
disaster,  a diode  is  connected  from  the  drain  of  to  a +5  volt  zener- 
limited  potential.  This  diode  is  normally  reverse  biased,  but  if  Vq-| 
exceeds  5.5  volts  or  so,  this  diode  will  begin  conducting  and  keep  Vq-j 
from  exceeding  a safe  Vpg=6  volts.  The  diode  used  is  a special  ultra  low 
capacitance  (<  .05  pf)  beam-leaded  GaAs  Schottky  barrier  mixer  diode  fab- 
ricated at  the  Science  Center.  The  open-loop  (i.e.,  Rp  open)"dc  transfer 
c.'iaracteristic"  of  this  "op-amp"  Q^-Q2  stage  is  shown  in  Fig.  4.30.  The 
horizontal  scale  is  the  applied  Q.j  gate  bias,  Vg.| , with  zero  at  the  right 
hand  side, displayed  at  0.5  rolts/cm,  while  the  vertical  in  Fij.  4.30  is 
the  voltage  on  the  lower  side  of  the  level  shifter  (pin  §7  in  Fig.  4.24) 
as  taken  from  the  output  of  the  lower  CA3130  voltage  follower  in  Fig.  4.25 
(let  us  call  this  Vp).  Vp,  displayed  at  1 V/cm  goes  from  -6  volts  at  the 
bottom  to  +2  volts  at  the  top  of  Fig.  4.30.  Vp  differs  from  by 
(-2.0  volts)  and  the  level  shifter  zener  voltage,  (8.2  volts),  or 
Vf  ~ "^’2  volts.  For  0 > >-1.5  volts,  Q-j  is  "saturated"  (below 

pinchoff  V^g),  as  Vg^  is  increased  from  about  -1.55  to  -1.65  volts,  Q-| 
passes  through  its  normal  high-gain  active  region  from  Vp=-5  to  -0.5  volts 
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Fig.  4.30  Open-Loop  dc  Transfer 
characteristic  of  the 
Q1-Q2  "op-amp"  in  Pre- 
amp HQ.  Horizontal  is 
Vgi  (1  V/cm,  zero  at 
right)  and  vertical  is 
Vp,  the  op-amp  dc  out- 
put voltage  (0.5V/cm, 
zero  2 cm  from  top). 
Normal  feedback  opera- 
tion point  is  at 
Vp  = Vdi  = -1.65V. 

Vos  of  Ql  =«  Vp  + 6.2 
volts. 


Fig.  4.31  100  MHz  Open-Loop  Gain 

of  Mark  III  GAASFET  Pre- 
amp HQ.  Vertical  is 
linear  display  of  100  MHz 
output,  -30  dBm  full  scale, 
Horizontal  is  Vp,  0.5  volts/ 
cm  (zero  at  right).  Meas- 
ured gain  at  balance  is 
A, 2 A3  - 17.5  dU. 


Fig.  4.32  Open-Loop  Gain  and  noise, 
GAASFET  Preamp  HQ,  0 to 
1820  MHz  frequency  range. 
Preamp  output  straight 
into  7L13.  Discrete 
frequency  lines  are  inputs 
at  frequencies  of  20,  42, 

50,  100,  150,  200,  250,  300, 
350,  ^00,  450  and  480  MHz. 
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or  Vpi  = 1.2  to  5.7  volts.  For  Vg.|  < -1.7  volts  the  GaAs  protection  diode 
begins  conducting,  and  finally  for  < -2.5  volts  Q-j  is  essentially  cut 
off  = 0;  see  Fig.  4.27a)  so  that  Vp  increases  no  further  with  increasing 
Vg-|.  The  normal  operating  point  of  the  Q.j  - Q2  "op-amp"  will  be  at 
Vp  = Vgi  = -1.65  volts  and  the  slope  of  the  transfer  characteristic 
(measured  on  an  expanded  scale)  here  is  a dc  voltage  gain  of  42.  This  is 
higher  than  the  ac  gain  because  of  the  high  6AASFET  dc  Rp,  discussed  in 
section  2.'3.5,  and  thermal  feedback. 

The  variation  of  the  open-loop  100  MHz  ac  gain  O'*"  Q]  " ^2 

in  preamp  #8  as  Vg-j  (and  consequently  Vp)  are  varied  is  shown  in  Fig.  4.31. 
This  is  a linear  display  of  the  spectrum  analyzer  output  (-30  dBm  full 
scale)  with  a -47  dBm  input  into  the  gate  of  Q-j . The  horizontal  is  Vp 
at  0.5  volts/cm  with  zero  at  the  right  side.  At  the  far  left,  Vg.|  is 
about  -1.5  volts,  Vp-j  ==  +1.2  volts,  so  that  is  nearly  saturated, 
giving  low  ac  gain.  As  Vg^  is  increased  (negatively),  comes  out  of 
saturation  and  the  ac  gain  increases.  As  we  proceed  further  to  the  right 
in  Fig.  4.31,  the  100  MHz  gain  is  nearly  constant  until  the  limiting  diode 
begins  to  conduct,  reducing  the  gain  sharply  (and  finally  to  zero  when  Q-| 
is  cut  off).  Then  the  normal  operating  point,  Vp  = -1.65  volts,  is  near  the 
maximum  100  MHz  gain  value,  with  an  input  to  output  gain  of  17.5  dB  or 
7.45  (A^2  = 20.7  for  A3  = 0.36). 

The  variation  of  open-loop  gain  with  frequency  is  shown  in 
Fig.  4.32,  along  with  the  output  noise,  with  the  output  of  preamp  US 
connected  directly  into  the  7L13  spectrum  analyzer  input.  The  discrete 
frequency  spikes  are  with  an  rf  signal  of  -60  dBm  applied  to  the  gate  of 
at  the  various  frequencies  indicated  in  the  caption.  Fig.  4.32  (and 
the  FFT  of  the  open-loop  pulse  response  - not  shown)  indicates  that,  due  to 
a slight  "ringing"  tendency  at  100  MHz,  the  100  MHz  gain  shown  in  Fig.  4.31  is 
slightly  above  the  "baseband  gain",  so  that  an  open-loop  gain  value  of 
A.|2  = 19.5  is  probably  a more  accurate  figure  than  the  20.7  figure  obtained 
at  100  MHz  above.  The  3 dB  bandwidth  of  this  open-loop  gain  is  about 
^3dB  ' open-loop  gain-bandwidth  product  for  the  op-amp 
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is  about  5 GHz  (a  remarkable  improvement  over  the  Mark  I A design). 

The  open-loop  noise  output  spectrum  from  GAASFET  preamp  #8, 
again  taken  with  Q-j  in  balance  (Vp  = Vg-j  = -1.65  volts),  is  shown  in 
Fig.  4.33.  This  output  noise  should  be  approximately 

V„o(f)  = e,(f)A,2(f)A3Aj,„  (4.10) 

where  e-j  is  the  equivalent  input  voltage  noise  (see  Fig.  2,8).  We  should 
note  that  over  most  of  the  preamplifier  passband,  the  closed-loop  output 
noise  (i.e.,  with  Rp  installed)  will  be  less  than  this  open-loop  noise 
by  an  amount  which  could  approach  the  open-loop  gain.  In  order  to  obtain 
an  accurate  value  for  e-|  at  a selected  frequency  (250  MHz),  the  noise  output 
was  measured  through  the  7L13  in  a 26.79  KHz  bandwidth.  An  input  signal 
was  applied  to  Vg^  and  its  amplitude  increased  until  the  signal  + noise 
exceeded  the  noise  by  exactly  3 db  (signal  level  =-117.9  dBm),  at  which 
we  should  have  V^.g  = e^ . From  this  we  obtain  e^/v4l7  = 1.74  X 10"^  Volts/fliz" 

at  250  MHz.  Using  the  noise  output  from  4.33a)  at  250  MHz  (-47.4  dBm+2.4  dB 
Gaussian  correction),  we  get  e^/>^  = ''no'^^12^3^B&H’^  ' nV/v4lz 
(fortuitously  close  to  the  more  accurate  signal  substitution  result). 

Fig.  1.1  shows  a photograph  of  the  completed  Mark  III  GAASFET 
receiver  #8.  The  conical  hole  is  for  light  entrance  into  the  APD  substrate. 
The  large  fins  are  not  because  the  power  dissipation  is  high,  rather  they 
are  only  to  maintain  temperature  stability  of  the  preamp  to  keep  the  APD 
temperature  (and  hence  Vg)  constant.  The  preamp  unit  dissipates  only 
about  1 .5  watts. 

4.3.2.  Performance  Results  for  GAASFET  Preamp  ^8 

The  voltage  output  pulse  produced  from  Mark  II!  GAASFET  preamp  #8 
with  V^pp  = 100  volts  by  a 6-function  input  of  = 4125  electrons  is 
shown  in  Fig.  4.34.  The  upper  trace  shows  the  output  as  seen  directly  on 
the  sampling  oscilloscope  with  the  oreamp  output  connected  to  the  S-6 
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Fig.  4.33  Open-Loop  Noise  Out- 
put Spectrum  from 
GAASFET  Pream  §8. 

Q]  in  balance, 

Vp  = -1.65  Vdc,  gate 
of  Q]  terminated  25tl 
to  ground.  Measured 
through  cascaded  B&H 
preamps. 


a)  0 to  1820  MHz  frequency 
range  (182  MHz/cm). 


b)  0 to  100  MHz  frequency 
range  (10  MHz/cm). 


1 


1 

i 


c)  0 to  5 MHz  Frequency 

Range  (500  KHz/cm).  With 
(lower  traces)  and  without 
(upper  traces)  OSM  model 
OS  201103A  blocking  capaci- 
tor between  output  of  B&H 
DC3C02  and  3db  pad  at  input 
of  B&H  AC3020. 
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Fig.  4.34  Current  impulse  response  of  GAASFET  Preamp  #8 
(with  V/\pQ  = 100  volts)  to  a 4125-electron 
current  impulse  (receiver  output  amplified  thru 
cascaded  B&H  wideband  50P  amplifiers).  Upper 
curve  output  directly  as  seen  on  sampling 
oscilloscope  (12.15  mV  rms  voltage  noise).  Lower 
curve  is  a 1024  waveform  signal  average  of  output. 
Both  curves  at  50  mV/cm,  1 ns/cm. 
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sampler  input  through  the  cascaded  B&H  preamps  DC3002  --3  db  pad  - 

B&H  AC3020-S6)  v/ith  = 77.2.  The  input  pulse  was  generated  from  a 
25.38  mV  step  from  the  S-52  pulse  generator  (with  20  db  attenuator)  through 
the  = 2.60  X 10"^^  f internal  coupling  capacitor  (see  Fig.  3.22  or  3.23). 

(C^  and  Ng  were  calibrated  from  pulse  measurements  without  the  B&H  pre- 
amps for  greater  accuracy.)  The  signal  pulse  in  the  upper  trace  of  Fig.  4.34 
rides  on  a = 12.15  mV  Gaussian  noise  level  (as  measured  both  by  the 
noise  histogram  technique  of  Section  3.3.8  and  with  an  HP435  power  meter) 
which  is  removed  in  the  lower  trace  by  signal  averaging  with  the  DPO 
(see  section  3.3.11 ). 

This  signal -averaged  current  impulse  response  from  Fig.  4.34  is 

more  readably  displayed  in  Fig.  4.35  (25  mV/cm  vertical,  Ins/cm  and 

200  ps/cm  horizontal).  The  peak  height  is  V_  = 0.1443  volts,  so  for 

-16  P 

Qn  = = 6.61  X 10  coul  , we  have  the  pulse  gain  through  the 

p c Step  1^ 

cascaded  B&H's  as  (V/Q).  = 2.19  X 10  ^ volts/coul  (this  is  nearly  four 

6 

times  that  obtained  for  the  Mark  lA  preamps).  From  Eq.  2.19,  we  have  as 

the  minimum  detectable  current  pulse  of  preamp  #8,  Np=V^^/q(V/Q)p=347  electrons. 

Another  method  of  calibrating  is  to  use  the  integ>'al  of  the  current 
impulse  response  in  Eq.  3.20.  The  integral  curve  (not  shown)  of  Fig.  4.35 
has  a rise  time  (10^  to  90%)  of  634  ps  and  a step  height  of  9.0  X 10"^^ 
volt  seconds.  From  Eq.  3.22,  then,  with  = 4750R,  ~ ^B&H"^^’^’ 

we  have  = 358  electrons  which  is  reasonably  close  to  the  more  accurate 
capacitor-calibrated  value  (N^  = 347  electrons). 

The  current  impulse  response  waveform  of  Fig.  4.35  is  very  fast. 

Ins  wide  at  the  10%  points  (FWTM)  and  with  virtually  no  overshoot  or  tail. 

The  peak  to  5%  fall  time,  650  ps,  would  allow  over  1.5  Gb/s  6-function 
pulse  communication,  or  about  1.4  Gb/s  with  reasonable  model ocked  laser 
pul sewidth, before  the  onset  of  massive  intersymbol  interference.  The 
frequency  response  of  GAASFET  preamp  #8  is  shown  in  Fig.  4.36  from  the  Fourier 
transform  of  the  current  impulse  response  without  the  B&H  preamps.  Shown 
are  the  current  impulse  response  (5mV/cm,  Ins/cm),  its  integral 
(2pVs/cm,  Ins/cm)  and  its  FFT  (150gV/cm,  256  MHz/cm).  The 
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Fig.  4.35  Current  impulse  response  of  Mark  III  6AASFET 

Preamp  ^8  (signal-averaged  result  from  Fig.  4.34) 
displayed  at  25mV/cm  vertical,  Ins/cm  and  (light 
trace)  200ps/cm  horizontal. 
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Fig.  4.36  Current  impulse  response  of  GAASFET  Preamp  #8 
with  V/\p0  = lOOV  measured  directly  into  S-6 
(without  B&H  preamps).  Input  Step;  Vsjep=0.2442 
volts  through  internal  Cj;.  Current  impuUe  at 
5mV/cm,  1 ns/cm,  zero  3 cm  below  center.  Integral 
at  2pVs/cm,  Ins,  zero  at  bottom  (-4cm).  FFT  at 
150uV/cm,  256  MHz/cm  horizontal,  with  f=0  at  left 
edge  (vertical  zero  at  bottom). 
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integral  step  is  1.085  X 10"^^  Vs  or  from  Eq.  3.20>  Qp  = 6.35  X 10  ^ coul 
(39,600  electrons),  or  since  V^^^p  = 0.2442  V,  = 2.60  X 10'^^  f.  The 
"10-90"  risetinie  of  the  integral  step  is  585  ps.  The  FFT-derived  frequency 
response  (magnitude  of  transimpedance  versus  frequency),  the  dashed  curve 
in  Fig.  4.36,shows  nearly  flat  response  to  over  300  MHz,  with  f3dB  at 
620  MHz.  Not  shown  in  this  display  is  the  high-frequency  ringing  response 
which  is  about  1 division  vertical  in  the  4-6  GHz  region  (not  seen  through 
a 3 GHz  preamp). 

The  noise  spectral  output  for  GAASFET  preamp  #8  with  Vy^pp=100  volts 

is  shown  in  Fig.  4.37.  The  interpretation  of  these  noise  output  curves 

was  disussed  in  conjunction  with  Fig.  4.13  (section  4.2.2).  We  can  use 

Fig.  4.37a)  with  Eq.  4.2  to  calculate  the  NEP  for  the  receiver.  From 

Fig.  4.13  a),  at  f = 200  MHz  we  have  y^q  = 55.5  dBm  which  gives  for 

n = 0.96,  hv  = 1.165  eV,  N.E.P.  = 3.3  X 10"^^  W/v4lz  , or  at  f = 273  MHz, 

-12 

-54  dBm  noise  gives  N.E.P.  = 3.9  X 10  W/fHT  (higher,  due  to  increased 
®1  “^^in  ^ ^APD^  noise).  However,  in  273  MHz  measurements  wi*h  aF=26.79  KHz 
using  an  amplitude  I'eference  generator  to  determine  the  noise  le^*!  more 
accurately,  a noise  output  of  -74.5  dBm  was  measured,  giving 
N.E.P.  = 3.1  X 10  W/4Tz,which  would  give  about  N.E.P.  = 2.7  X tO"^^W/-^H*.' 
at  200  MHz.  These  should  be  more  accurate  values  than  those  above.  Since 
C , the  50fi  test  loop  coupling  capacitor,  is  accurately  known  for  preamp  §8 
(2.6  X 10"  f),  a more  accurate  method  measuring  N.E.P., given  n,  hv, 

and  C^, would  be  to  apply  an  rf  signal  t whe  (terminated)  50fi  test  line 
and  reduce  the  amplitude  until  the  signal  + noise  output  on  the  spectrum 
analyzer  is  3dB  over  the  noise  output  (call  this  input  signal  level  (V5)jjjg)* 
Then  the  N.E.P.  would  be  given  by  (for  M = 1) 

2nf  nv  C_  , ^ 

" "Tat  ^'^S^3dB  S+N/N 

where  f is  the  generator  frequency  (or  this  divided  by  M for  small  avalanche 
gains).  This  approach  doesn't  require  knowing  the  preamp  transimpedance, 
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4.37  Closed-Loop  (Rp=5Kfi) 
Noise  Output  Spectra 
from  GAASFET  Preamp 
§8  through  cascaded 
B&H'S. 


a)  0 to  1820  MHz  Frequency 
Range  (182  MHz/cm).  The 
thermal  noise  for  Rp=5Ks^ 
would  be  -58.62  dBm. 


b)  0 to  100  MHz  Frequency 
Range  (10  MHz/cm).  The 
thermal  noise  for  Rf=5KR 
would  be  -68.38  dBm. 


c)  0 to  5 MHz  Frequency 
Range  (500  KHz/cm).  The 
thermal  noise  for  Rp=5Kw 
would  be  -77.24  dBm. 
Noise  output  measured 
through  OSM  201103A 
blocking  capacitor  (375 
KHz  hi-pass  filter). 
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Rq,  or  the  other  amplifier  gains,  but  it  does  assume,  as  do  Eqs.  4.2  and  4.3 
of  course,  that  the  APD  transit  time  is  much  faster  than  1/f  so  that 
n or  nM  equal  their  dc  values  (well  satisfied  for  these  GaAs-|_^Sb^,  APD's 
below  5 GHz).  We  did  not  use  this  approach  for  measuring  N.E.P.  values 
of  these  experimental  preamps. 

The  noise  spectral  outputs  for  GAASFET  preamp  §Q,  both  closed- 
loop  and  open-loop  are  shown  in  Fig.  4.38.  Here  the  data  from  Figs.  4.37 
and  4.33  are  reduced  to  output  voltage  noise/v4iz  as  a function  of  frequency 
from  20  KHz  to  2 GHz, as  measured  through  the  cascaded  B&H  preamps.  Also 
shown  is  the  closed-loop  gain  from  Fig.  4.36  and  the  calculated  Johnson 
noise  from  the  Rp  = SOOOq  feedback  resistor  (which  takes  into  account  this 
gain  for  f > 300  MHz).  We  see  that  over  most  of  the  frequency  range,  the 
noise  output  in  normal  closed-loop  operation  (given  by  Eq.  2.33)  is  less 
than  the  noise  output  measured  under  open-loop  conditions  (Eq.  4.10)  due 
to  the  fact  that  the  amplified  e-j  noise  gets  fed  back  through  Rp  to  almost 
completely  cancel  this  voltage  noise  contribution  out  (except  at  higher 
frequencies  where  lGji^>lGpl).  Of  course  at  frequencies  near  the  closed- 
loop  f^jg  and  above,  the  feedback,  due  to  phase  shift  through  the  "op-amp", 
A,  and  the  Rp  - Cj  feedback  path  (which  approaches  90°  above  its  30  MHz 
corner  frequency)  is  actually  positive,  so  the  combination  of  amplified 
e^  noise  plus  Rp  Johnson  noise  exceeds  the  open-loop  noise.  At  frequencies 
of  the  order  of  1 MHz  and  below,  the  total  output  noise  is  comparable  to 
the  noise  of  the  output  stage  alone  (compare  Fig.  4.37  with  Fig.  4.29; 
noting  that  4.37c)  is  with  a blocking  capacitor  and  4.29  c)  is  without). 

The  output  stage  noise  contribution  is  similar  to  that  shown  for  §6  in  Fig. 
4.42  (dashed  curve).  An  extra  gain  stage,  as  used  in  the  Mark  II  preamp 
design,  could  probably  minimize  this  contribution  of  the  output  stage  1/f 
noise  to  the  total  noise  output  at  low  frequencies,  since  in  the  Mark  II 
GAASFET  preamp  #7,  the  ~ 500  KHz  output  noise  in  closed-loop  operation  is 
about  8 dB  above  the  output  noise  with  Q-j  saturated  (the  Qg  and  noise). 

In  the  1-10  MHz  region  there  is  some  noise  contribution  noticeable  due  to  the 
level-shift  zener.  This  is  discussed  in  section  ^.3.3  in  conjunction  with 
Fig.  4.42. 
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To  summarize,  the  Mark  III  preamp  design  gave  excellent  results 
(summarized  in  Fig.  4.26).  As  compared  to  the  Mark  I A or  Mark  II  models, 
GAASFET  receiver  #8  gave  wider  bandwidth  (f3(jg  = 620  MHz)  and  faster 
pulse  response  (Ins  FWTM)  even  though  it  had  a larger  feedback  resistance 
(Rp  = 5 Kfi).  At  the  same  time  it  had  lower  equivalent  input  noise  current 
(lower  N.E.P.)  and  a lower  value  of  minimum  detectable  current  pulse 
(Nq  = 347  electrons).  In  other  words,  from  Eq.  2.20,  with  a properly 
peak-sampled  detection  approach,  this  preamp  should  be  able  to  achieve 
unity  gain  (M  -■  1),  10'^  BER  gigabit  data  reception  with  of  the  order  of  3500 
photons/bit  (or  proportionately  less  with  gain).  The  response  of  GAASFET 
preamp  US  to  actual  PGBM  1.06y  modelocked  laser  pulses  is  shown  in  Fig.  4.39. 
These  sampling  Oocilloscope  traces  were  obtained  by  Dr.  Samuel  Green  at 
McDonnell  Douglas  on  their  laboratory  400  Mb/s  PGBM  optical  communications 
system.  At  the  time  these  measurements  were  made,  preamp  #8  had  an  earlier 
5 mil  diameter  (175  volt  Vg)  APD  with  higher  capacitance  than  the  final 
3 mil  K-9  APD  with  which  the  rest  of  the  data  in  this  section  was  taken. 

Hence  the  fall  time  of  the  current  impulse  response  was  a bit  slower  in 
the  measurements  of  Fig.  4.39  than  in  Fig.  4.35.  Other  than  that.  Fig.  4.39c) 
represents  the  convolution  between  the  optical  pulseshape  of  the  McDonnell 
laser  and  the  current  impulse  response  of  preamp  #8  (similar  to  4.35).  The 
optical  pulsewidth  is  sufficiently  narrow  that  Vp  is  very  close  to  the  same 
height  as  a 6-function  peak  of  the  same  charge  so  that  (V/Q)p  - (V/Q)^ 
in  Eq.  2.6  or  (Nq)p  - (N^)^  = in  Eq.  2.20.  Unfortunately,  while  optimized 
conmuni cation  with  preamp  #8  requires  sampling  pulse  widths  (for  the 
decision  process)  of  the  order  of  200  ps,  narrow  pulse  sampling  was  not 
available  in  the  McDonnell  400  Mh/s  test  system  (in  fact  for  much  of  their 
data,  the  sampler  was  not  used).  Hence,  while  the  for  optimized  narrow 
pulse  detection  is  350  electrons  for  and  490  electrons  for  the  Mark  II 
preamp  §7  (which  was  slow  enough  not  to  require  short  pulse  sampling), 
required  over  30%  more  photo-electrons  per  bit  to  achieve  10"  BER 
communication  on  the  McDonnell  test  system  than  did  preamp  ^7.  (Of  course, 
the  additional  gain  stage  in  i7  was  probably  of  help  here  as  well.)  This 
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Fig.  4.39  Response  of  GAASFET 
Preamp  #8  with  5 mil 
APD  to  400  Mb/s  1 .06vj 
PGBM  modelocked  laser 
data  stream.  Measured 
on  McDonnell -Doublas 
Test  Communications 
System.  lOmV/cm  vert, 
(through  B&H  DC  3002 
preamp). 


a)  20nS/cm  showing  entire  64 
bit  data  stream  (with  some 
repeated) . 


c)  500pS/cm  showing  response 
to  isolated  "1".  This  would 
be  the  same  as  the  current 
impulse  response  if  the 
modelocked  laser  pulsewidth 
were  short  enough. 
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does  point  out,  however,  the  necessity  of  mating  the  preamp  properly  with 
appropriate  "decision  making"  logic  (sample  and  hold,  threshold  set,  etc.), 
for  optimum  results  to  be  achieved  in  a communications  system  application. 

4.3.3  Performance  Results  for  AF  Delivered  6AASFET  Preamp  §6  (As 

Originally  Delivered  - Before  Modification) 

The  circuit  diagram  for  the  preamp  and  power  supply-monitor  units 
for  Mark  III  GAASFET  preamp  §6  are  essentially  the  same  as  shown  in  Fig.  4.24 
and  4.25.  The  main  difference  between  #6,  as  delivered  to  the  Air  Force, 
and  preamp  §S  (described  in  sections  4.3.1  and  4.3.2)  is  that  at  the  time  of 
delivery,  the  prototype  dual  Ip  gate  GA7\SFET  chip  devices,  used  as  Q-|  in 
§Q,  were  not  yet  available.  Instead,  in  §6  a commercial  Hitachi  HCRL-9'' 
dual-gate  GAASFET  chip  was  used  for  . This  device  has  wider  gate  widths 
and  higher  input  capacitance  than  the  device  used  for  in  preamp  #8.  Further, 
the  (gate  1)  transconductance  of  the  HCRL-94  was  only  11.1  mmhos  (as  compa»ed 
to  18.1  for  of  #8)  and  the  gate  2 transconductance  is  even  less  (since  it 
lies  over  a thicker  n-layer  than  gate  1),  so  that  the  output  drain  resistance 
(Eq.  2.43),  Rp  ~ 1700  fj,  is  not  as  high  as  in  Q.|  of  (Rp  = 2200  fi) . Because 
of  this  (see  Eqs.  2.41  and  4.1)  the  open  loop  gain,  Ai2  = 10.8  and  gain-band- 
width  product  (~  2.2  to  3 GHz)  are  not  as  good  as  preamp  ^8  (A^2  “ 19*5, 

GBW  = 5 GHz).  This,  together  with  the  fact  that  Cjj^  (C^^  of  Q^)  is  also  larger 
in  §6,  means  that  in  order  to  achieve  adequate  bandwidth  for  gigabit  com- 
munications in  preamp  §6,  Rp  must  be  much  smaller  than  in  §8  (2.5  KR  as 
compared  to  5 Kn).  This  means  that  the  transimpedance  in  preamp  #6  is  lower 
and  the  noise  performance  is  not  nearly  as  good  as  in 

Other  than  Q.|  and  Rp,  the  two  Mark  III  preamps  are  nearly  identical. 

Qj  is  very  similar  to  that  shown  in  Fig.  4.27c,  only  with  g^^^^  " "'"’ho  @ 

Ip  = 17  inA  for  A^  = g^^^^  (25  q)  = 0.33  measured.  The  output  TOR  for  preamp  #6, 
shov/n  in  normal  operation  (upper  curve)  and  with  power  off  (lower  curve  at  right) 
in  Fig.  4.40  shows  a very  low  reflection  coefficient,  p ~ + 1%  for  reasonable 
signal  pulsewidths.  Of  course,  with  power  off,  is  "saturated",  representing 
a low  impedance  to  the  TOR  pulse,  so  that  p ~ -53%  with  power  off.  The  short 
positive  peak  4.25  ns  from  the  left  side  is  the  preamp  output  connector  and  the 
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Fig.  4.40  Output  time-domain  reflectometry  traces  for 
GAASFET  Preamp  #6  with  power  on  (upper  trace) 
and  power  off  lower  trace  at  right  (Qj  "saturated"). 
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shai-p  negative-going  step  with  power  off  shows  the  pulse  arrival  at  the 
drain  of  Q^.  Q2  in  preamp  #6  is  essentially  the  same  as  in  Fig.  4.27  b), 
with  g^2  " 12.1  mmho  @ 1^2  = 10.5  mA.  Rq2  is  about  590  Q,  so  that  from 
Eq.  4.9,  A2  = 0.83. 

The  open-loop  "op-amp"  measurements  on  preamp  #6  give  A-|2  = 10.8 
with  f^jg  = 275  MHz.  The  input  capacitance  is  of  the  order  of  ~0.7  or 
0.8  pf.  It  is  difficult  to  accurately  define  gain-bandwidth  product  from 
the  FFT  of  the  open-loop  pulse  response,  but  it  is  of  the  order  of  2.2  to 
3 GHz.  The  equivalent  input  noise  voltage,  e-j , was  measured  using  the 
technique  described  below  Eq.  4.10  in  section  4.3.2,  giving  ei//Hz  = 
2.5nV/v4lz  at  100  MHz  (this  would  be  lower  at  higher  frequencies).  The 
open-loop  output  noise  versus  frequency  and  the  noise  due  to  the  Qg  output 
stage  only  (with  the  noise  of  the  following  cascaded  B&H  preamps,  of  course) 
are  shown  in  Fig.  4.42.  The  open-loop  voltage  n Ise  output  from  preamp  §6 
in  the  30  MHz  to  300  MHz  range  is  about  56%  of  that  of  §8  (comparing 
Fig.  4.42  and  Fig.  4.38,  whereas  from  Eq.  4.10,  the  difference  in  A^2^3 
gain  factors  would  predict  51%  (assuming  e^  were  the  same  in  both  preamps). 
Hence  we  conclude  that  in  this  frequency  range,  e-|  for  preamp  H6  is  about 
10%  higher  than  in  #8.  At  lower  frequencies,  however,  e-j  seems  to  be 
considerably  larger  in  preamp  ff6. 


The  closed-loop  current  impulse  response  from  GAASFET  preamp  if6 
(through  cascaded  B&H  preamps)  with  Rp  = 2500  n and  its  3 mil  diameter 
K-9  APD  reverse  biased  to  = 100  volts  is  shown  in  Fig.  4.41  for  a 
current  input  of  Qp  = 3.32  x 10“^^  coul , = 20,700  electrons.  The  pulse 

gain  (V/Q)  = 1.022  x 10^^  V/coul , less  than  half  that  of  preamp  §8 
(2.2  X 10^^).  The  noise  output  with  the  3 mil  APD  (as  delivered).  = 

12.81  mV  rms,  was  slightly  less  than  that  measured  with  the  5 mil  APD  in 
the  10^  point  noise  histogram  for  preamp  §6  shown  in  Fig.  3.21  (V^^^  = 12.96  mV). 
From  Eq.  2.19  we  have  that  the  minimum  detectable  current  pulse  for  GAASFET 
preamp  §6  is  = 782  electrons.  Also  shown  in  Fig.  4.41  are  the  integral 
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Fig.  4.41  Output  Response  of  GAASFET  Preamp  itS,  measured 
through  cascaded  B&H  preamps  'A=77.2),  to  a 
current  impulse  of  = 20,760  electrons  (75mV/cm, 
InS/cm,  zero  2 cm  below  center).  Also  shown  are 
the  integral  response  (50pVS/cm,  InS/cm,  zero  3 cm 
below  center)  and  FFT  - derived  frequency  response 
(2mV/cm  vertical,  zero  4 cm  below  center,  256  MHz/ 
cm  horizontal,  f = 0 at  left  edge). 
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(step)  response  and  the  FFT.  The  integral  of  the  impulse  response  shows 
a 10%  to  90%  step  risetime  of  570  ps  and  the  step  height  is  2.05  x 10^^  Vs. 
The  FFT-derived  frequency  response  for  preamp  #6,  the  dashed  curve  in 
Fig.  4.41,  is  displayed  at  256  MHz/cm  with  f=0  at  the  left.  Note  that 
the  op-amp  transimpedance  (R^  in  Fig.  3.23)  is  about  = 2290  n below 
150  MHz  or  so,  but  peaks  at  about  R^  = 3120  at  f = 313  MHz.  This 
high  frequency  peaking  is,  of  course,  caused  by  the  oscillatory  tail  on  the 
current  impulse  response.  The  3dB  bandwidth,  f^^g  = 580  MHz  in  Fig.  4.41 
or  f^^g  ~ 596  MHz  without  the  B&H's,  would  be  lower  if  the  transient  response 
were  not  oscillatory. 

The  current  impulse  response  of  GAASFET  preamp  #6,  as  shown  in 
Fig.  4.41,  is  fast  enough  for  gigabit  data  rate  communication,  but  is 
not  optimum.  The  width  of  the  response  to  a current  impulse  is  about 
1.15  nS  at  the  10%  points  (FWTM)  and  the  critical  peak  to  5%  fall  time, 

720  ps,  would  allow  6-function  pulse  communication  at  data  rates 
approaching  1.4  Gb/s  before  the  onset  of  massive  intersymbol  interference. 
However,  the  oscillatory  "tail"  on  the  response  can  lead  to  some  fairly 
bad  intersymbol  interference  even  at  lower  data  rates.  For  example, 
at  IGb/s,  the  worst-case  combination  of  negative  overshoots  could  lower 
a "1"  by  25%  or  the  worst  case  combination  of  positive  overshoots  could 
raise  a "0"  by  up  to  7%,  so  that  the  worst  case  reduction  in  Vp-|  - Vp^ 

(from  Eq.  2.11)  would  be  over  3dB.  (Of  course,  as  discussed  in  conjunction 
with  Eq.  4.18,  this  does  noit  mean  that  the  signal  level  would  have  to  be 
raised  the  full  3dB  to  attain  the  same  B.E.R.  performance  as  compared  to 
a receiver  of  the  same  but  with  no  intersymbol  interference.)  Because 
of  this  intersymbol  interference,  preamp  #6  would  require  a signal  level 
for  gigabit  communication  significantly  above  that  predicted  from  Eq.  2.20 
with  Nq  = 782  electrons.  This  is  in  contrast  to  Mark  III  GAASFET  preamp 
§8  which  would  give  no  significant  intersymbol  interference  for  gigabit 
communication  so  that  the  required  signal  levels  should  be  as  given  by 


219 


SC571.16TRF 


Eq.  2.20  with  = 347  electrons. 

It  is  of  interest  to  understand  why  the  of  preamp  #6  is 

7 dB  worse  than  that  of  preamp  #8.  Because  the  feedback  resistance  in 

§6  (Rp  = 2.5  kJ2)  is  half  that  in  #8  (Rp  = 5 kfi),  we  would  expect  (V/Q)p  to 

be  lower  by  approximately  a factor  of  2 in  #6  and  the  noise  output  lower 

by  approximately  a factor  of  ^ . In  fact,  (V/Q)  is  experimentally  a 

P 

factor  of  2.2  lower  in  #6,  but  the  noise  output  voltage  is  actually  higher 
in  #6  than  in  preamp  #8  (12. 81  mV  versus  12.15mV).  The  origin  of  this 
unexpectedly  high  noise  output  can  best  be  identified  by  looking  at  the 
frequency  dependence  of  the  closed-loop  output  noise  in  Fig.  4.42  and 
comparing  this  to  the  preamp  #8  results  in  Fig.  4.38.  We  see  in  Fig.  4.42, 
that  for  frequencies  around  50  MHz  to  100  MHz,  the  noise  from  #6  is  lower 
than  that  in  #8  by  about  the  factor  (1.6)  predicted  from  the  difference 
in  Rp  and  between  the  preamps.  At  higher  frequencies,  particularly 
from  250  to  500  MHz,  however,  the  noise  output  from  §6  is  just  as  high 
as  from  #8.  Since  this  high  frequency  region  of  150  MHz  to  1.5  GHz  is 
where  much  of  the  total  noise  power  from  the  preamp  is  generated,  this 
explains  a great  deal  of  the  reason  the  two  noise  outputs  are  comparable. 
This  high  level  of  high-frequency  noise  in  preamp  H6  is  caused  by  its 
high  input  capacitance  (relative  to  #8),  producing  a large  noise  current 
from  the  e^  input  voltage  noise  (2nd  term  in  Eq.  2.33).  We  know  from 
the  magnitudes  of  the  open-circuit  noise  output  curves  of  Figs.  4.42  and 
4.38  discussed  previously  that  e-|  is  only  about  10%  highe  in  preamp  #6 
than  preamp  #8,  so  that  it  must  be  the  larger  input  capacitance  of  §6 
that  leads  to  the  larger  high-frequency  noise.  This  is  not  unreasonable 
since  Cj+Cjj^  for  #6  is  of  the  order  of  2 to  2.5  times  that  for  GAASFET 
preamp  §B. 

While  most  of  the  excess  noise  in  preamp  §6  is  due  to  its  higher 
input  capacitance,  there  is  also  a significant  contribution  from  the  large 
noise  "shoulder",  particularly  noticeable  from  3 or  4 MHz  to  30  MHz  in 
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Frequency  Dependence  of  the  Voltage  Noise  Output  (per  Root  Hertz)  from  Mark  III  UAASFET 
Preamp  H6.  In  addition  to  the  normal  closed-loop  output  noise  spectrum,  the  open-loop 
and  the  Q3  output  stage  [only]  (plus  B&H  preamp)  noise  spectra  are  shown,  along  with  the 
theoretical  Johnson  noise  for  Rp  = 2.5Kn. 
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Fig.  4.42.  This  noise  shoulder  is  so  large  that  it  causes  the  closed- 

loop  output  noise  to  approach  the  open-loop  noise  output  near  4 MHz. 

The  source  of  this  noise  cannot  be  a high  input  voltage  noise,  e^ , as 

it  doesn't  show  up  in  the  open-loop  noise  output  (Eq.  4.10).  It  is  not 

due  to  a spurious  "1/f"  input  noise  current  mechanism,  because  measurements 

made  with  Rp  = 5000  Q gave  virtually  identical  noise  output  at  4 MHz  as 

the  Rp  = 2.5  Kfi  curve  in  Fig.  4.42.  (If  it  were  indeed  a noise  current, 

the  output  would  have  doubled.)  Similarly,  measurements  with  different 

APD's  gave  the  same  results.  The  conclusion  from  this  is  that  the  probable 

cause  of  this  excess  noise  "shoulder"  in  preamp  #6  is  the  level -shift  zener 

diode,  Vj  (at  the  source  of  Q2  in  Fig.  4.24).  In  closed-loop  operation, 

the  input  of  the  "op-amp"  (gate  of  Q.|)  is  a "virtual  ground",  and  hence 

for  no  signal  input,  the  voltage  at  the  right  hand  (output)  side  of  Rp  is 

constant.  Since  this  point  is  also  the  bottom  (negative  side)  of  V^,  this 

means  that  most  of  the  zener  diode  noise  voltage  will  appear  at  the  top  of 

the  zener,  from  which  the  output  to  the  gate  of  is  taken  (unfortunately). 

In  preamp  #6,  a Centralab  type  C6014  "8.2V  N/P"  zener  chip  was  used  for 

(selected  for  7.6  volts  at  10mA).  Subsequent  measurements  on  one  of 

these  8.2V  N/P  chips  gave  a noise  output  of  V = 1.5  x 10'^  volts/fHz 

-0 

at  4 MHz  (varying  as  f”^’  ) and  TOR  measurements  showed  a resistance  of 
R^  = 4.5  ohms,  with  both  the  noise  and  resistance  measurements  at  the 
lOMA  operating  bias  current.  Note  that  the  3dB  rolloff  frequency  for  the 
O.Olyf  bypass  capacitor  - R^  combination  is  3.5  MHz,  very  near  tne  location 
of  the  "noise  shoulder"  in  Fig.  4.42.  Above  this  capacitance  cutoff 
frequency  the  noise  voltage  should  drop  as  1/F,  as  observed  in  Fig.  4.42. 

The  magnitude  of  the  output  noise  should  be  of  the  order  of  ''no  " 
or  3.8  X 10'^  y/Aiz,  reasonably  close  to  the  noise  amplitude  observed  at 
the  shoulder  in  Fig.  4.42. 

If  this  prominent  "noise  shoulder"  at  3-4  MHz  in  Fig.  4.42  is  due 
to  the  level-shift  zener  diode,  V^j  in  preamp  §6,  why  isn't  it  observed  in 
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the  data  for  preamp  #8?  Actually,  if  you  examine  Fig.  4.38  carefully,  you 
see  that  preamp  #8  also  has  a noise  "shoulder"  at  about  3 MHz,  but  that 
its  amplitude  is  lower  and  it  is  less  noticeable  because  the  Johnson  noise 
voltage  level  is  higher  (because  Rp  is  larger  than  in  §6).  The  reason  that 
the  zener  diode  noise  is  smaller  in  preamp  #8  is  that  the  opposite  polarity 
zener  chip  was  used  for  V^.  Subsequent  measurements  on  a Centralab  C6114 

"8.2V  P/N"  zener  chip  as  used  in  preamp  H8  gave  a noise  output  of 

-0 

V^z  2 X 10"  V//Hz  (flat  with  frequency).  This  should  produce  an  output 
noise  contribution  of  about  5 x 10"^  volts  /*4Tz,  a fraction  of  the  total 
noise  output  at  3 MHz.  Hence,  by  changing  to  the  lower-noise  P/N  type 
in  preamp  #6,  we  should  be  able  to  avoid  this  excess  noise  shoulder  and 
its  contribution  to  the  overall  noise.  After  the  preamp  modification,  then, 
when  Q-|  is  changed  to  the  lower-capacitance,  higher  transconductance  dual- 
gate GAASFFT;  we  should  be  able  to  attain  the  same  excellent  performance 
from  preamp  §6  that  we  obtained  from  preamp  §8. 
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5.0  CONCLUSIONS 

The  objective  of  this  program  was  to  develop  a solid  state  receiver 
for  gigabit  optical  communications  which  would  be  able  to  achieve  10"^  bit 
error  rate  data  detection  of  pulse-gated  binary  modulated  (PGBM)  1.06p  mode- 
locked  Nd-YAG  laser  data  with  a signal  level  difference  of  1000  photons/bit 
(or  fewer)  between  a transmitted  "1"  and  a transmitted  "0".  The  program 
involved  two  major  areas  of  effort:  (1)  the  development  of  a high  speed, 

high  quantum  efficic-ncy,  low  capacitance  GaAs^_^Sb^  avalanche  photodiode 
(APD)  and  (2)  the  development  of  an  extremely  charge  sensitive,  low-noise 
preamp  using  GaAs  Schottky  barrier  FET's  (GAASFET's)  to  be  hybrid-integrated 
with  the  APD.  These  two  major  areas  of  work  have  necessitated  certain  other 
corollary  efforts:  (3)  the  development  of  special  analytical  tools  for  the 

avalanche  photodiode  development,  (4)  the  development  of  a model  for  laser 
communications  involving  the  detection  of  short  PGBM  modelocked  laser  pulses 
and  (5)  the  development  of  a signal  and  noise  model  for  the  GAASFET  pre- 
amps and  special  preamp  measurement  techniques  capable  of  experimentally 
determining  the  parameters  required  for  this  model.  Our  achievements  in 
each  of  these  areas  are  reviewed  in  the  summary,  section  1.2,  and  need  not 
be  repeated  here.  Suffice  it  to  say  that  we  have  developed  ultra  low  ca- 
pacitance GaAs^_^Sb^  inverted  homo-heterojunction  avalanche  photodiodes 
with  nearly  100%  quantum  efficiencies  and  with  peak  rf  gains  up  to  24  dB  which, 
when  hybrid-integrated  with  the  wide  bandwidth  feedback-mode  preamp  give 
better  detection  performance  \,han  any  other  1.06ii  receiver.  The  pulse-mode 
communications  detection  analysis  of  section  2.1  has  been  used  with  the 
preamp  model,  the  parameters  of  which  were  determined  using  special  measure- 
ment techniques  developed  for  use  with  our  Tektronix  Digital  Processing  Os- 
cilloscope system, to  accurately  predict  the  results  of  actual  high  data  rate, 
1.06u  optical  communications  system  measurements  of  bit  error  rate  perfor- 
mance of  the  receiver  at  McDonnel  Douglas  (Tig.  4.23).  This  excellent 
agreement  between  the  calculated  system  performance  based  on  our  models  and 
receiver  measurements  and  the  actual  PGBM  data  detection  performance  gives 
us  confidence  in  the  validity  of  our  system  analysis,  preamp  model  and  re- 
ceiver measurement  techniques  and  our  ability  to  calculate  the  performance 


224 


SC57].]6TRF 


which  can  be  obtained  in  different  types  of  electro-optical  systems. 

While  on'i^  one  complete  receiver  (plus  two  50fi-packaged  APD's) 
were  delivered  under  this  contract,  a total  of  five  receivers  were 
fabricated.  The  key  performance  parameters  obtained  for  each  of  the  five 
GaAs,  Sb  APD-GAASFET  integrated  preamp  receivers  are  indicated  in  Table 

I **A  A 

5.1.  The  Mark  lA  modification  of  the  original  2-GAASFET  preamp  design, 
used  in  preamps  M and  #5  represents  the  starting  point  for  this  hybrid- 
integrated  transimpedance-mode  GAASFET  preamp  technology.  Here  it  was 
demonstrated  that  indeed  it  was  possible  to  construct  an  "op-amp"  so  fast 
that  it  could  be  used  in  the  negative  feedback  mode  for  frequencies  of  a 
sizeable  fraction  of  a gigahertz  and  still  be  stable.  Extension  of  feedback 
mode  "op-amp"  circuit  concepts  to  a frequency  range  far  beyond  where  they 
have  been  used  before  must  be  considered  a major  accomplishment  of  this 
work.  The  closed-loop  bandwidths  were  not  quite  high  enough  for  gigabit 
data  rate  use,  however. 

The  Mark  II  and  Mark  III  preamp  designs  represent  more  complex 
(3-GAASFET  plus  bipolar  transistors)  extensions  of  the  Mark  lA  technology 
base  to  achieve  better  performance  in  specified  areas.  The  Mark  II  was 
designed  to  have  internal  gain  and  limited  bandwidth  to  perform  best  with 
the  broad-sampling-pulse  400  Mb/s  FGBM  modelocked  Nd-YAG  laser  communica- 
tions system  at  McDonnell  Douglas  Astronautics.  As  shown  in  Fig.  4.23, 

Mark  II  receiver  performed  admirably  in  communication  tests,  giving  al- 
most exactly  the  BER  performance  calculated  from  our  test  data,  achieving 
10"^  BER  with  no  avalanche  gain  at  all  with  a lower  signal  level  than  re- 
quired for  a III“V  alloy  photocathode  photomultiplier  tube  and  requiring  only 

_o 

60%  more  signal  to  achieve  a 10“  BER  than  that  required  by  silicon 

avalai.jhe  photodiodes  optically  in  series  (electrically  in  parallel)  operated 

-8 

at  an  avalanche  gain  of  100  (the  photomultipliers  could  not  achieve  a 10  BER). 
Since  average  avalanche  gains  of  6 to  10  dB  are  available  in  the  K-9  GaAs.|_^Sb^ 
APD's  in  these  receivers,  even  with  these  modest  avalanche  gains,  the  receivers 
developed  in  this  pi^ogram  demonstrated  the  best  performance  for  400  Mb/s 
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1.06p  laser  comnuni cation  of  all  available  1.06jj  detectors.  Their  closest 
competitor,  the  series-parallel  silicon  APD's,  are  far  too  slow  for  gigabit 
data  rate  use,  so  that  these  III-V  alloy  APD-integrated  GAASFET  receivers 
represent  by  far  the  best  performance  in  gigabit  data  detection  at  1.06u. 

In  future  work,  as  higher  APD  gains  are  attained  in  these  GaAs,  Sb  APD's, 

I “ /v  A 

these  receivers  could  achieve  performances  perhaps  20  dB  better  than  com- 
peting 1.06u  detectors. 

While  the  Mark  lA  and  Mark  II  preamp  designs  clearly  demonstrated 
the  validity  of  the  integrated  feeback-mode  ("op-amp" -type)  GAASFET  receiver 
approach,  neither  was  fast  enough  to  achieve  the  gigabit  data  rate  require- 
ments of  the  Air  Force  405B  satellite  laser  communications  system.  The 
Mark  III  preamp  design  was  initiated  to  extend  the  bandwidth  of  the  receiver 
to  data  rates  in  excess  of  1 Gb/s  and  to  improve  the  receiver  pulse  sensitivity. 
This  was  accomplished  in  the  Mark  III  design  by  making  major  improvements  in 
the  performance  of  the  "op-amp",  increasing  its  gain  to  20  and  its  gain- 
bandwidth  product  to  a remarkable  5 GHz.  This  allows  the  use  of  a higher 
feedback  resistance  (Rp  = 5 Kq)  to  achieve  lower  current  noise  (better  NEP) 
and  at  the  same  time  achieve  higher  bandwidths  and  pulse  gains  nearly  four 
times  that  of  the  Mark  lA's.  As  originally  delivered  to  the  Air  Force, 

Mark  III  receiver  §6  gave  adequate  signal  bandwidth  for  gigabit  data  rate 
operation,  but  was  considerably  inferior  to  preamp  §8  in  its  transient  response 
and  noise  characteristics  (as  indicated  in  Table  5.1).  This  receiver  is 
presently  being  modified  at  the  Science  Center  to  change  the  input  GAASFET 
to  the  higher-gain,  lower  capacitance  unit  used  in  preamp  §8,  so  that  after 
modification  its  performance  should  be  essentially  identical  to  that  of 
preamp  §8. 

Mark  III  receiver  §8  exhibits  excellent  charge  sensitivity, 
requiring  a photocurrent  charge  pulse  of  only  = 347  electrons  to  give 
d peak  signal  output  equal  to  the  nns  noise  output.  This  is  fully  3 dB 
lower  than  the  minimum  detectable  current  pulse  (N^)  for  Mark  II  preamp  #7 
(discussed  above),  and  hence  it  should  be  possible  to  achieve  data  reception 
for  a given  BER  at  a specified  avalanche  gain,  M (in  the  low  M region). 
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with  3 dB  less  optical  signal.  Of  course,  attaining  this  requires  sampling 
the  output  data  stream  with  a short-gate  sample  and  hold,  such  as  that  used 
in  the  405B  gigabit  data  rate  laser  communications  system.  Unfortunately, 
in  the  McDonnell  Douglas  1.06n  test  system  used  in  the  communications  tests 
on  these  receivers,  only  a rather  "vintage"  discrete  bipolar  transistor  sample- 
hold  was  available  (the  system  worked  about  the  same  whether  or  not  it  was 
operative).  Of  course,  without  short-pulse  sampling  to  make  use  of  the 
higher  peak  pulse  gain  in  preamp  #8  and  to  reject  between-bit  noise,  it  was 
not  possible  to  demonstrate  on  their  test  system  the  improved  BER  perform- 
ance attainable  from  the  Mark  III  receiver  design. 

From  the  standpoint  of  the  Air  Force  405B  laser  communications 
system  requirements,  the  important  receiver  parameters  in  Table  5.1  are  the 
receiver  bandwidth  (maximum  useable  data  rate)  and  the  required  signal 
level  for  communications.  In  terms  of  or  Np^  (the  required  number  of 
photons/bit  for  10'®  BER  communications),  we  see  a rapid  "learning  curve" 
of  improved  in  succeeding  preamps,  achieving  = 347  electrons  in 
preamp  §8.  Similarly,  we  have  improved  bandwidth  to  F^jg  = 620  MHz  in  #8, 
which  would  be  capable  of  modelocked  laser  communication  at  data  rates  of  the 
order  of  1.4  to  1.5  Gb/s  (depending  on  optical  pulsewidth)  before  the  onset 
of  serious  intersymbol  interference.  There  is  no  reason  to  assume  that  the 
learning  curve  in  Table  5.1  ends  at  preamp  #8.  It  is  probably  reasonable 
to  expect  that  with  additional  work,  maximum  data  rates  of  2 Gb/s  or  possibly 
more  could  be  attained  with  this  approach  and  values  of  200  to  250 
electrons  seem  reasonable.  With  these  preamp  parameters  with  the  present 
n ^ Qg^  = 96%  APD  performance,  the  communications  system  performance 
should  be  as  given  by  the  lower  curve  in  the  Npj^  versus  M plot  in  Fig.  2.3. 
(Actually,  even  better  performance  could  be  obtained  at  hi.iher  gains,  since 
our  bulk  photocurrents,  1^  ~1  nAat  room  temperature,  are  lower  than  as- 
sumed in  Fig.  2.3. ) 

While  significant  preamp  improvements  remain  to  be  made,  and 
these  should  be  pursued,  the  greatest  achievements  in  gigabit  communications 
performance  will  be  attained  by  improving  the  avalanche  gain  of  the  GaAs-|_^Sb^ 
avalanche  photodiodes.  While  we  might  be  able  to  achieve  a further  6 dB 
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improvement  in  N^,  which  would  reduce  by  6 dB,  if  we  could  obtain  uniform 
avalanche  gains  of  M=10  to  50,  we  could  attain  far  greater  reductions  in  the 
signal  level  required  for  communications.  In  terms  of  noise  equivalent  power, 
in  the  McDonnell  Douglas  NEP  measurements  on  preamp  #7,  reductions  in  NEP  of 
26.5  dB  (M=21.1  in  Table  5.1,  lower  line)  were  obtained  between  unity  gain 
bias  and  optimum  gain  bias  operation,  but  this  is  only  in  a small  area  on 
the  device.  At  a general  point  on  the  same  device  they  obtained  a much 
smaller  11.3  dB  (M=3.7),  improvement  in  NEP.  Clearly  what  we  would  like  is 
to  obtain  uniform  APD  gains  so  that  the  entire  device  is  as  good  or  better 
than  the  highest  gain  areas  are  in  the  present  APD  devices.  The  K-9  growth 
inverted  homo-hetero junction  GaAs,  Sb  avalanche  photodiodes  used  in  all 

I A A 

four  of  these  hybrid-integrated  GAASFET  receivers  represents  a considerable 
improvement  in  gain  characteristics  over  earlier  approaches.  As  discussed 
in  section  4,1,  however,  their  performance  is  limited  by  a)  the  fact  that 
the  wrong  complimentary  device  type  was  selected  (i.e.,  the  holes  are  being 
drifted  through  the  high-field  region  whereas  it  appears  that  electrons  have 
the  higher  ionization  coefficients)  and  b)  the  fact  that  there  are  signifi- 
cant fluctuations  in  the  active  layer  thickness  which  leads  to  variations 
in  electric  field  and  gain  over  the  device.  There  is  no  reason  to  believe 
that  these  problems  cannot  be  rectified  in  these  GaAs^_^Sb^  APD's  and  the 
desired  uniformly  high  gains  achieved.  When  this  is  attained,  we  may  see 
the  number  of  l.OSn  photons  per  bit,  Np^^,  required  for  high  data  optical 
coniiiuni cation  drop,  not  only  well  under  1000  photons/bit,  but  possibly  under 
100  photons/bit. 

It  is  worthwhile  at  this  point  to  consider  where  this  1.06u 
receiver  work  stands  in  relation  to  the  overall  Air  Force  405B  satellite 
laser  communications  system  effort.  The  initial  demonstration  system  will 
use  the  0.53n  (doubled  Nd-YAG)  green  line  for  the  high  data  rate  transmission 
with  photomultiplier  detectors.  Use  of  the  green  line  iias  certain  advantages 
and  certain  disadvantages.  The  principal  advantages  are  that  it  is  much 
easier  to  fabricate  a gigabit  modulator  with  high  extinction  ratio  at  0.53u 
(compared  to  1.06u)  and  that  reasonable  quantum  efficiencies  (hq  53„~25%) 
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should  be  attainable  in  photomultiplier  tubes  as  a receiver  approach.  The 
disadvantages  of  going  to  0.53u  operation  include  the  fact  that  it  requires 
the  use  of  a frequency  doubler  which  entails  both  a loss  in 
signal  power  and  a significant  reliability  hazard  in  a space  system  and  the 
fact  that  in  links  passing  through  the  atmosphere,  the  light  scattering  is 
16  times  worse  for  0.53u  than  1.06g.  Further,  the  photomultiplier  tubes, 
which  seem  at  the  outset  such  a simple  and  ideal  solution  to  the  receiver 
problem,  in  fact  have  been  beset  by  problems  of  instability,  poor  quantum 
efficiency,  and  spurious  signal -generated  noise  mechanisms  which  make  it 
impossible  to  achieve  the  10"  BER  and  better  error  rates  that  would  be 
desireable  in  a gigabit  data  rate  system.  (Remember  that  a 10"®  BER  in  a 
gigabit  system  would  require  software  identification  and  correction  of  an 
error  every  millisecond.) 

It  would  be  impossible  in  the  present  context  to  discuss  in  detail 
the  trade-offs  between  the  0.53u  and  1.06u  system  approaches  to  gigabit 
laser  communications,  but  a few  comments  regarding  the  impact  of  this 
receiver  work  on  that  decision  are  relevant.  While  photomultiplier  approaches 
to  data  detection  require,  for  reasonable  performance,  very  high  modulator 
extinction  ratios  and  low  background  light  levels  (see  Fig.  2.4),  the 
avalanche  photodiode  receivers  developed  here  are,  at  least  for  reasonably 
low  gains,  quite  insensitive  to  background  light  or  modulator  extinction 
ratio.  This  means  that  with  reasonable  effort,  a gigabit  1.06u  modulator 
suitable  for  this  detection  approach  could  probably  be  fabricated  from  the 
same  electro-optic  materials  presently  being  used  for  the  green  modulators. 
(Other,  far  better,  electro-optic  materials  for  1.06u  modulators  could 
probably  be  utilized  with  some  research.)  Given  a reasonable  gigabit  "red" 
modulator,  the  same  PQM  approach  used  in  the  present  gigabit  green  system 
could  be  used  at  1.06u.  It  is  difficult  to  make  an  exact  comparison  of  the 
signal  sensitivities  of  the  receive*'s  in  the  0.53u  and  l.OGu  approaches 
because  the  relevant  quantity  is  how  much  power  is  required  at  the  trans- 
mitter laser  to  achieve  a given  bit  error  rate  at  the  receiver.  From 
just  an  energy  standpoint  (E=h\>),  green  photons  are  twice  as  "expensive" 
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(in  terms  of  transmitter  power)  as  1.06u  photons.  As  we  achieve 
higher,  more  uniform  avalanche  gains  in  these  III-V  alloy  APD's,  reduc- 
tions in  required  signal  level  approaching  20  dB  could  be  realized.  Clearly 
this  would,  from  a power  standpoint  strongly  shift  the  balance  toward  the 
1.06y  system  approach.  The  prospect  of  using  a lower  power,  simpler  laser 
transmitter  (without  doubler)  with  a reliable,  stable,  all  solid  state 
receiver  for  the  gigabit  satellite  laser  communications  system  represents  a 
very  attractive  alternative  for  the  future  direction  of  the  405B  system. 
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APPENDIX  A.  2 


1100  ^DIAPK  m FEEDBACK  OP-AMP  CLOSED-LOOP  NOISE  ANALYSIS 

1101  LET  DF=2E7 

1102  PRINT  "SIGNAL  AND  NOISE  ANALYSIS  OF  SIMPLE  FEEDBACK  PPEAMP" 

M0A  PRINT  "PF=’*;PF;"  OHMS.  CF= CFi‘ I E 1 2;  " PF.  CI  = ";CI+ IE12;"  PF.  A0-";A0 
M06  LET  W0=  I/CPF^^<CI+CF));LET  VA=  FA^o  • 238:  LET  VF=1/(BF+CF) 

1108  PPINT  "F0=";W0/6.238E6;'‘  >U\l  • OPEN-LOOP  F3DB^  FA=  FA*  I E- 6;  " MHT" 
1!09  PRINT  "FF=";VF/6.238E6;“  MHT":PRINT 
! I 10‘  LET  VJP=  l/(  1/WF+1/CA0*\?0)+  !/(AO*VA>) 
nil  LET  B=0:LET  C=0:LET  D=0 

1112  LET  TD=256:LET  TC=256:LET  TD=256 

1113  LET  SB=51 .2*DF:LET  SC=SB:LET  SD=SB 
lll/l  LET  HD$=’'H^":LET  HCS=  "H/:" ; LET  HDS=’*H^" 

Ills  LET  VBS="VV/H7":LET  VCS= "V/ I" : LET  VDls"V/I" 

1120  FOP  K=0  TO  255 

1121  LET  V=K*DF*6.238 

1122  LET  DR=l  + l/AO-(P>'W)/(AO*\m*UA> 

1126  LET  DV=DP*DR  + U*V/(Vm*V?P) 

1128  LET  PN=<DR+V*lV(V>0*WR))/DV:LET  JN=  ( ( DR- 1 )*  V/VR ) /DV 
1130  LET  C(256  + K)  = RF*DR/DV; 

1132  LET  IX256*K)--H*PF/a’P*DV> 

113A  LET  D(256+K>=RN*RN+JN*JN 
1136  LET  C(256-K>=C(256^K) 

1138  LET  D(256-K)=-D(256+K) 

11A0  LET  B(256-K)=B(256+K> 

11A2  NEXT  K 

11A3  LET  HB=SB/2:LET  HC=SC/2;LET  HD=SD/2 
llAA  LET  PB=B:LET  PC=C:LET  PD= D 

11A6  IFT  Ci  D^  PA/ X:  INTEGRATE  A/X:LET  A=  A*C  < 256  ) /X<  1 00  ) 

11A7  LET  VAS="V/COUL"; LET  PA=A:LET  VQ=MAX( A) : PRINT  " ( V/C ) PEAK= VQ; " 

VOLTS/COULOUMB":  LABEL  PA"IMPl'LSE  RESPONSE" 

11A8  P*>INT  "CALCULATION  OF  GAIN  FACTORS  COMPLETE.  ENTER  ANY  NO.  TO 
START  NOISE  CALC." 

1IA9  IN*>UT  NG 

1150  PPINT  "NOISE  CALCULATION;  TO  CHANGE  EN  VALUE/ ETC*  GOTO  1170" 

1 ISA  LET  PD=C*C  + D*D 
1156  LET  PC-SQR<D> 

1 158  INTEGPATE  D/  X 

1160  LET  NB=X<510>/(2*D(256) ) 

1162  LET  F3=(SC/5l .2)*<CPS<C(256>/ .707l^C<256))-256> 

1I6A  PPINT  "CLOSED-LOOP  F3DB=";F3;"  HZ*  NOISE  BU=";NB;"  H?-" 

1168  LET  C^D 

1170  PEMAPK  P RESTART  POINT  AFTER  CHaNGiNG  LN  FOR  NOISE  CALC 
1172  LET  IN= 1 .629E-20/PF 

1174  PRINT  "EN=";EN;"  V/ROOT  HE.  IN= 5QR( 1 N ) ; " AMPS/ROOT  HE." 

1176  LET  D=EN*EN*B+ IN*C 

1178  INTEGPATE  D/ X 

1180  LET  Nl=X<510>/2 

118!  LET  N0= <SQR(NI ) )/(VQ* I .602E- 19) 

1182  LET  PD=SOR(D) 

1184  PPINT  "TOTAL  OUTPUT  VOLTAGE  NO  I SE= SOR (N I > ; "VOLTS" 

1185  PPINT  "MINIMUM  DET * BL  CURRENT  IMPULSE  N0=";N0; " ELECTRONS" 

1166  PRINT  "PEAK  NO  1 SE=";MAX( D) ; "V/PT  HZ.  HF^LF  NOISE  AT  Fa";(lE-6 

♦ SD/51 . 2)’*‘(CRS(D(258)/  DC256)  >-256> 

1188  STOP 
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8000  PRINT  "GAUSSIAN  FILTERED  NOISE  OUTPUT.  T 1 = "I T1 ♦ 1 El  21 " PS." 
8008  LET  A=0 

8010  LET  GW= 1/C6.283KT1 ) 

8012  PRINT  "STANDARD  DEVIATION  FREQUENCY= "I GWI " HZ" 

8020  LET  JW=GW*51 .2/SD 
8022  LET  Cl=  1/(2*JU*JW) 

8025  LET  J1=ITR(A.515*JW) 

8028  IF  Jl>255  GOSUB  8190 

8030  FOR  J=0  TO  J1 

8040  LET  A(J+256)=EXP(- (C1*J*J)) 

8050  NEXT  J 

8060  FOR  J=1  TO  J1 

8062  LET  A(256-J)=A<256+J) 

8064  NEXT  J 

8066  LET  TA=256:LET  HA=»HDsLET  SA=SD:LET  HA$="HZ" 

8070  LET  PA=A 
8100  LET  B=A*A 
8105  LET  PB=B*D*D 
81  10  INTEGRATE  B/ X 
8120  LET  NI=X<510)/2 
8130  LET  PB=SQR(B) 

8140  PRINT  "TOTAL  OUTPUT  VOLTAGE  NO  I SE= "I SQR(N I ) J " VOLTS" 

8150  STOP 
8190  LET  Jl=255 
8192  RETURN 
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8300  PRINT  "GAUSSIAN  CONVOLUTION  ON  B.  T 1 = "; T 1 * 1 E 1 2; " PS-  (T1  IS  STD. 
DEV . " 

8302  LET  A=0 

8310  LET  SA=1.25E-9;LET  HA$="S" 

8320  LET  JW-Tl*5l.2/SA 
8330  LET  C1=-1/(2*JV*JV) 

8332  LET  J 1= ITR(4. 51 5*dW> 

8334  IF  J1<T0  GOTO  8340 
8336  LET  J1  = T0 
8340  FOR  J=0  TO  Jl 

8342  LET  A( T0+J )=EXP( C 1* J*J ) 

8343  NEXT  J 

8344  FOR  J= 1 TO  J 1 

8346  LET  A( T0- J )= A( T0+J ) 

8348  NEXT  J 

8349  INTEGRATE  A/X;LET  PA= ( A/ ( 4E1 &*X( 5 1 0) ) ) 

8350  PRINT  "GAUSSIAN  SAMPLING  PULSE  CALC’D  IN  A.  RESTART  AT  8350." 
8352  LET  PD=A 

8360  CONVOLVE  D>  B/ PC>  X 

8370  PRINT  MAX(C)^MAX(C)/MAX(B) 

8380  STOP 

8200  "^OR  J = 0 TO  255 

8210  LET  B(2*J)=C(J):NEXT  J 

8220  LET  B(1)=0:LET  B(509)=0:LET  B(511)=0 

8230  FOR  J=3  TO  507  STEP  2 

8240  LET  B(J )= (9*B(J- 1)+9*B( J+ 1 )-B( J-3)-B( J+3) )/ 1 6 
8250  NEXT  J 
8260  STOP 
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The  computer  program  written  to  solve  2.36  for  both  the  frequen- 
cy and  time  domain  response  of  the  circuit  of  2.10  is  listed  in  this  Appen- 
dix. The  language  is  TEK  BASIC,  an  extension  of  the  Harvard  BASIC  for 
the  Tektronix  Digital  Processing  Oscilloscope.  The  program  will  run  with 
TEK  BASIC  in  a PDP  11/05  with  24K  or  more  of  memory  (TEK  BASIC  uses  nearly 
16K,  while  this  program  with  its  defined  arrays  uses  less  than  8K).  The 
program  is  oriented  for  use  with  a Tektronix  4010  display  terminal  for 
graphing,  special  function  plotting,  and  rapid  display  of  the  extensive 
parameter  data.  The  complete  calculation  is  carried  out  by  calling  suc- 
cessively line  numbers  100,  200,  300  (+  700  for  hard  copy)  and  400  (+  800 
for  hard  copy),  with  lines  900  and  1000  for  additional  parameter  output. 
Lines  100-154  initializes  (if  necessary)  and  displays  the  circuit  parameters 
along  with  the  dc  V^^/ip  in  order  to  verify  that  everything  is  right  before 
the  calculation  is  begun.  The  frequency-domain  solution  of  2.36  is  called 
out  in  lines  200  to  260,  with  the  actual  calculation  organized  in  the  sub- 
routine lines  2000-2244.  Because  of  the  complexity  of  the  calculation  and 
the  fact  that  most  of  the  "action"  is  at  low  frequencies,  in  order  to  save 
time,  2.36  is  solved  at  every  discrete  frequency  point  only  from  J = 0 to 
J = 34  (where  F = J x FE,  where  F.E.  is  the  frequency  per  element;  usually 
40  MHz).  For  J = 35  to  64,  only  every  other  element  is  calculated  exactly, 
from  J = 65  to  128  every  4th  element,  and  from  J = 129  to  256  every  8th 
element  is  calculated  from  Eq.  2.36.  The  interpolation  for  in-between 
points  is  made  with  parabolic  approximation  individually  for  the  real  part 
of  the  numerator  (NR),  the  imaginary  part  of  the  numerator  (NI),  the  real 
part  of  the  denominator  (DR)  and  the  imaginary  part  of  the  denominator  (DI). 
These  functions  are  interpolated  individually  before  taking  the  complex 
quotient  in  Eq.  2.36  because  NR,  NI,  DR  and  DI  are  individually  smooth 
functions  of  frequency,  but  their  quotient  may  not  be  (in  fact  it  can  be 
singular  if  DR  and  DI  both  go  to  zero  at  some  frequency).  At  the  points  of 
actual  calculation,  the  various  complex  G's  in  Eq.  2.36  are  calculated  in 
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lines  2500  to  2570,  the  latter  [ (i/G^)  - multiplied]  terms  in  thr.  numera- 
tor and  denominator  are  calculated  in  lines  3000  to  3050  (these  lines  are 
skipped  if  the  parasitic  impedance,  is  zero),  while  the  rest  of  the 

numerator  and  denominator  terms  are  calculated  in  lines  3100  to  3126.  The 
resulting  NR,  NI,  DR  and  DI  results  are  stored  in  individual  arrays  for 
interpolation  and  actually  carrying  out  the  complex  quotient  to  give 
'^o^’p  imaginary  components  of  which  are  stored  in  arrays  C 

and  D).  All  of  the  above  subroutines  are  executed  as  a part  of  the  pro- 
gram at  line  200.  The  program  at  line  300  (to  392)  calculates  the  noise 
bandwidth,  NB,  from  this  frequency  response  data,  and  also  converts  the 
real  and  imaginary  form  of  data  into  magnitude-phase  form  for  display 
in  processor  arrays  A and  B (with  hard-copy  by  calling  line  700;  see  the 
lower  right-hand  portion  of  Fig.  A.l).  The  program  at  line  400  uses  the 
inverse  Fourier  transform  (IFT)  to  convert  the  real  and  imaginary  form 
of  frequency  domain  data  to  the  time  domain.  The  IFT  directly  gives  an 
unnormalized  Impulse  response,  but  this  is  integrated  to  give  the  step 
response  and  then  both  are  normalized  by  noting  that  the  magnitude  of  the 
step  at  large  time  must  equal  the  magnitude  of  V./I  at  F = 0 (called  R^.). 
From  the  peak  of  the  normalized  impulse  response  and  the  Johnson  noise 
calculated  from  the  noise  bandwidth,  the  minimum  detectable  current  pulse 
is  calculated.  Line  800  displays  this  transient  response  data  for  hard 
copy  ( as  shown  in  the  upper  left  portion  of  Fig.  A.l.  The  plotting  pro- 
gram, lines  1000  to  1099  graphs  individually  the  real  and  imaginary  com- 
ponents of  the  denominator,  DR  and  DI,  along  with  the  magnitude,  DM  = 

I DR  + DI^  ]^,  for  the  frequency  range  0 to  1.4  GHz.  In  this  frequency 
range  the  numerator  of  Eq.  2.36  is  more  or  less  constant  (dominated  by  g^^), 
so  that  DR  and  DI  are  the  keys  to  the  response.  In  particular,  if  both 
DR  and  DI  approach  zero  at  the  same  frequency,  the  amplifier  will  oscillate 
at  that  frequency.  Figure  A.l  shows  the  results  from  this  program  for  the 
case  with  nor  parasitic  source  impedance  (l/Gj  = 0)  with  typical  parameter 
values  for  a Mark  lA  preamp.  Note  that  in  this  calculation,  the  GAASFET 
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input  voltage  noise  is  not  considered  (e^  = 0 in  Fig.  2.8),  so  that  the 
output  noise  on  values  will  be  too  low. 
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A1 

APPENDIX  I.  COMPUTER  PROGRAM  FOR  3-NODE  (PARASITIC) 
MODEL  OF  MESFET  PREAMP  1st  STAGE  (DPO  TEK  BASIC  LANGUAGE) 


fro:: "lull  fli  rKCMiii'  calculatioii  ^shopteueo).  r-t-so 

•H.ior 

row?!  no:i  vei.  L'M.ir:  wi-oi 

^l>yi  PHIhVI  P 3-tlODE  a-iiFnSITJO  HEEFET  PREAMP  CALCULATIOM 

u.u  I'Pim  " 

10.;  FE'-.ii.iRE 

l.'M  IfT  EM=1  l.ET  .IrRiJ  LET  Ri.i=  .1+1 ‘LET  J-RL  LET  EM=0 

Itv-.  O'lm  'T-MFuMErEPS  FOP  3-HODE  IIEEFET  PREAMP  CALCULATIOM  RUM  tl";RU 

10':.  IF  J.--0  COri.iD  -1000 

lOS  GO:-UE'  •llOij 

i;0  LET  H‘?-'P':  PF''t(Gll+(  ORD.'>) 
lE-i-  LET  C'R^MPf  1 PD+l-Fl.H-'RI> 

U.!  LET  i;F=0I1-1'PF-M.P 

1E>;.  I.El  DP^C'fO'  >.  1+P:-PL+R’:.-RB)/RCI+1/RD+1/'RLVRI 
l.;r  LET  Q-OP+'  I PDM.RL+l.re+l)Pl+GII>/RF 
12-.:  let  pO'-MP  dr 

130  PPIMT  FPIMT  FRIMT  "OO/IP  FOR  THIS  CALCULATIOM  MILL  EE  F;0=";R0i"  0 
HMS  " 

r:0  F'FIMT  FPl.MT  PPIMT  "PLEASE  EMAMIME  THE  APOHE  OUaMTITIES  ChPEFULLY. 

IF  mLL  f.FE  0!’.  PFEIS  AH,  1 EV  TO  COMTIMOE  TO  CHhMGE  hMC  PaRhMETERS,  HIT 
■PE:lT'  I.ip  ‘CTRL  F"  HMD  START  OAEF;  mFTER  MhKIMG  CHhMGES." 

151  LET  BC=100l0R 

152  MR IT 
lS-1  STOP 

► 200  FFIMT  PPIMT  "CALCULATIOM  OF  FPEOUEMCY  RESFOMSE  HAS  STARTED," 

210  LET  FL=1  IF  FS'O  l.ET  F1.=0  IF  LS'C  LET  FL=0 
212  LET  C=0  LEI  0-0  LET  SC-51  .StFE-LET  HCT="H2" 

21- 1  LET  SC=i:  LET  HDI=HCT 

220  LET  ,:,i  = i 'R!  let  C0=1  RO  l.ET  GF.:1.^PF  LET  GB=l.'Re 
222  OM'EMilOM  •.'=■  2P2  > OillEMSIOM  U!«'2r2^  DIMEMSIOM  BRC2r2) 

22V  DIMEI-SIOM  Bl  222  > 

22- '.  let  UF=0  let  iJI=O  LET  FP-O  LET  BI=0:LET  MA=0 

22G  DImEM-ICI.  F0(2;'2.'  DN'EtlSIOM  DK2?2):D1MCMSI0M  BM(:2'2> 

22-:  LCr  £...m;  LET  fc:l=0  LET  EM-'O 

2;M  let  in=<:  2-SVlFE 

."'V2  AAIh  ii.h.A.O  0.0.!.!.0,0.A 

.2"-l  FFaIi  P.i.MB  FV.  fR,ii|l,UfMI0,F2,F3,F?' 

2"';  Go'.uD  ri»o 

LFf  J.'--l  GES  FE 

.V-lV  REMa-:  M actual  CALCULIiTIOM  PROCEDURE  AT  2000 

rSO  - ^ 0.1  I 

C : , I At 


: ! U 


7-10  let 
:-{2  LET 


I a 


2F0  let  ElT-0 
2.0  STOP 

-7-jO  FFMaP!.  p calculate  ;.  display  gaih-pmase 
71U  I!  C^.;50  •■:*.<  GOSUB  TOOO 
V2>'  LET  -C  (C  +0»D 
I'ITEA'aIE  h,B 

_ LET  h;=H>  510 .7SV25G;) 

V7-1  LET  "■l-iOFi  1 G2'.-E-20iP0iMB> 

A- or-  A> 

FV-'Et- CP?- A '25S>,  mrUP.0>-256)  <1. 

LET  E'l=l  LET  F=aTM.D.'C'  l.ET  EM=-0 
•VT  let  Ta  LET  5ED  LET  T3-TA  LET  HB=HA 

vro  let  fa=h  let  fb-b  .sosub  noo 

7'I'.'  LaCEL  F'ti'TtGtinUC'E  U.'I  F3=":F3, "H2" 

Ih:E'.  FE"FHa:E  OF  UO/IP" 
vu**  vjr»p 

-.’lA.'i  f'eMaSR  Ci.LCULhTE  < IFT)  L.  DISPLAY  IMPULSE  A.MO  STEP  RESPOMSE 
410  IF  i;-2‘...j'-0  GO-UB  I’OOO 
.11*:  GO  UB  .'100 
4 0 IFT  C D PA.PB 

•l.-A  ItirEJ-ArE  A PC'  LET  MF-FO  E^SIO) 

4 ii<  let  m-a!  lE-1.:  !t.r  let  "a:-"i'.-P1C0C0UL" 

4‘-fi  let  f rtiA  lei  i-f'l  ."iirtTS'AMP" 

4- lei  r. 51  2 sii.O)-CR:.<B-.aRO>) 


Tv'  Vi  At  * 


in  '< 


«l  II  U f 

IX  I 


ur  H im:u  fi4**in‘HL-E  fE'roM.x 


<0 
4 V 

) ‘*M  n 1 f 

\ i f 

‘ . r»  f 


•Ml  c 1 

Cl 


riVE-rnip) 

! CT  \n  -nri 


I *'  U '•0 


(■ 


.'lAA 


! a'il  il'  Ilf  M.  FuM.f,  '.'f-".uptif:i;.,"u  coui." 
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— f-'L'MHi-Y  P GPiYH  $ IMPO  COPY  OP  GOIM-PHASE 
PIO  f-PlllT  " L'L" 
riO  GO'j'JD  'r^OOO 

7'30  PPIMT  "nAGHiTUOE  AMD  PHASE  (0.5  PAO.'OIO>  OF  OO/IP.  RF=",RF)",  RL="/ 
PL."  LL“".LLUf.D."tlHV,  L?",LS'<  lE?i  "HHY" 

TAi'i  GP'm'^'H  Pfi'PO 

rso  PPIHT  ■•F.O""..RO;"  P30£-"/F’iME-G;"  MHZ,  IIOISE  eU-MIO,  "^'C-IJ-C  L" 

I'VTO  'i’TOP  ’ 

00  FEM^^Rr.  P GPhPM  i:.  H^jRO  COPY  IMPULSE  PHD  STEP  RESPOHSE 
:f:lO  PPIMT 
illO  $000 

PPiMT  '•IMf-ULSS  AMD  STEP  RESPOMSE  RF=";PF;%  RL=";FL;“.  LL=ML1IE9 
LS=".Ll';lE-f«;'‘MHV“ 

GRhiPH  Ptt/PB 

SSvii  PPIMT  ”(U/0>=";UPUE12/"  U/C/  MO=”;HO;"  EL>  RO=%RO."  M3=MIB: "''C'll 
$E0  STOP 

FEMhP’K  R FPIMTOUT  OF  CALC  DATA  AMO  FERFOPMf^HCE  PhRAHETERS 
PPIMT 

*;M0  COSUS  SOPTi 

C-30  PPIMT  FRUIT  ’‘PPIMTOUT  OF  PREAMP  PARAMETERS  AMD  CALC'D  PERFORMAMCE 
PEIULTS 

S70  PPIMT  "PPEAMP  CIRCUIT  ELEMEHT  UALUES*' 

•HO  CO;.US  4100 

SSO  FPIMT  PPIMT  “FERWIAHCE  RESULTS: " ’PRINT 
SSt't  PPIMT  “SCe  CAHDIMOTM.  F3"%F3tlE-6.“  HH" 

PPIMT  ”10*'.  TO  i-OS  PI:.ET1ME,  TR=”:TR;”  S” 

?S4  PPIMT  ”DC  TFhMSIMFlDhHCE,  RO=”;PO/'  U0LTS.'AMP  <R0=”;R0;”  FROM  DC  C 


liLC 

9:'ij 

:V:* 

i'OO 

IMI.M 
In)  M 

lOES 
iCOO 
1040 
104C 
:044 
« 04S 
lO^'O 

:os4 
1 OS^;* 

1050 
l‘JSl 
MV.3’ 
10S4 
1 •;* 
lorct 
ion 

lori’ 

1CC3 

KC4 

lors 

1 M* ».» 

1051 
lO'IL* 
1m;:? 
10^: 

I » t 
ux-.: 

20i»n 

iO':'i 

I0‘n* 

U‘i‘S 

liK.S 
ifi'  ir. 


FPIMT  "MDISE  EaUDiIIOTM,  HE5=";MBt.lE“e, ‘‘  MHZ'' 
fPIMT  "JOHM-OM  nOISE,  UOl.TS" 

FFIMT  "PEhK  IIIFULSE  PESPOMSE,  (0  C!.'>-’M'P1  1E12, " MOLTS  ■COULOOMS" 

F'PUIT  ’‘llInmUM  OETECTAELE  CUPPEMT  PULSE-  l!0=";/10i"  ELECTPOMS" 

STOP  V A - NR*!MT  r% 

PEIIhFt,  F;  PuOV-OUT  OF  DE-OI.OM  FROM  0 TO  l.‘)GH2  ~ p-j;;  -pf  ! DM-yDi;**  LJ' 

LET  EIT=1 

FOP  I-.i300  TO  1000  STEP  100  PLOT  0.1,  TO 'PLOT  1 , 1 . PrO  ■ MEMT  { 

FijP  I=rO  TO  170  STEP  lOO  PLOT  0,300, 1 PLOT  1. 1000, 1 IIEXT  I 
LET  SS=  i>lE“5 

W 1=0  '^0  1 41  STEP  SS  PLOT  0,(500H+Z55>,45  FRIMT  _M  llExf  I 
FLOr  O-MO  E.;  PPIMT  ''->_DI1=0" 

FLOT  0,240.Z>:2-PPIMT 

PLOT  0,240  SSiPPIMT  "„_0!=0" 

FLOT  0.55><  35  PPIMT  "-'-FAEOUEMCV  < GHZ  J-'H"' PLOT  0,0.  lOO'PRIMT 
let  S:=FL  EES 

LET  E:M=Z50  EO'O'  if  EF)0  THEM  LET  E'll=eM,'GF 
Pl;iT  0 350, 7S0- PPIMT  "'_l  DIM  UEftT  =",100.-eM 
LET  IM=:  401E?/FE 

USTlF=Zr0  5 “■ 

f LOT  0, 300 . eO(  0 t BM+KF 
FO'P  1=0  10  IM 

LET  L=cO<  I 'MEMH.'F  GOSUO  1090 
FLOT  l-lriS  + T-OO  5,1.  MEMT  I 
LET  £11=250  B'XO  IF  EF‘'0  THEM  LET  EM=BM.-6F 
LET  IF=5rO  5 
PLOT  0,300.Pl''0>ieM4KF 
FOP  1=0  TO  !H 

LET  I =ei'  I •t£M+|-F'GOSUB  1090 
PLOT  l.IiSi^JOO  5.L  MEMT  I 
LET  EM=i50  EOur-  IF  RF.-O  THEM  LET  E!M=BM/6F 
LET  fF=rO  5 
TLOT  O.iOO.BI'.tO'MeM+Kr 
FOP  1=0  TO  III 

U.T  i'=PM'  I )MMM'F  GOSUD  1090 
FLOT  1 . 1 iSl.'-'i'O  5.1  MEMT  I 
(LOT  O-O,?';.’!  fPlMT 
LET  EM--0  PPIMf  "PUim  ",f.U  STOP 
II-  I.  rt'.i  I..I.110  low 
IP  l.-.O  GOTO  1093 
M.TUPM 

l.r.l  DM-FM  11.1  let  K=U'-fFV10fKF 
M-  !•  Gt.ili.  1097 

IF  I 0 LOTij  1097  242 

m f,M=EM  tO  LET  K=<K-PFvlOtKF 
I-EUIRM 

•;  rop 


►(f*:  piv' 

f ta  kC  4 ^ 01 

7KC  VtA/OAi, 

^ C0-.  ^ 
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Pi;il(^(-T  p 0''Gn!IL3ItIG  KOUTIME  FOR  FREOUEIICY  RESFOUEG  OALCULriTIOtl 
2001  IF  fP-l  FPIHT  "2000" 

20 10  rok  10  3-i  p„„  T-r  , fa 

Ci'l'MiL-:  0‘.i00  ^ ° • o *-Ci_  Mncn  rc  ,3  tmi  s'w-  c<ff  >■ 

•jO.'O  uO'J'UO  'T'lOO  lo/'int)  GrtcM  Pot/v:  jy  ,•  ,)ip c, i,  , N i//ri. » I'l' i f i ( < i 


L 6 WCM  ? V O 


Aa/p  . o, 


J'G^?  To  ts 

Ct**.  Cy/krne  v</WH  1/-^  ' c»  <' f ( i/jTft  *>  roi  rl 


iAJ’ff  ^ ("Oi  rl  <. 


*'  <^K  T r 


!jU':-UD  ^:*l00  Each  poi^r  ,y  v'/)cri/<.#>  Cu  /V  {//Tt. «' f-t> I f' M < < 

J-M'jri  /iE;:r  j 

.JstY'O  LET  J=74  C.ns.ue  rJOOG 
1’mS4 

A\i-:0  FOR  TO  c.4  ^JEP  2 rrKT=:i5ro^w 

20':.2  COi'JB  ^000  OrfLt^cir.T  ^ Cvcf^y  <?rA/r/c  pc^/^v?  /: 

r.‘»jF'4  G0:*UB  'f’-lOO  ^ />►,{•  e i/)'t  ^ . 

20~'0  LET  I“J“\'  CiOSUB  ^200  h^tiy , rv  , _ 

20r2  COLUS  t>300  /wwv.pvou  r*,K  A^i  , 0/puac,..  ,) 

R0‘?0  ME:'T  J 3>JV^«P(  13  */^7i  e/i/. 

2100  LET  J“v*?  GO’iOB  0000 
RllO  GOr-lJB  ijlOO 

111' Swilsiw’ ■'  '‘'■*  ■"  "«  -/a  C,„,  ,, 

ila.  E^f 5M1)  “'""  ■''”"••'■•» 

2172  GuOOS  E.700 

:i7»i:  LET  I = GOSUB  6200 

2176J  G0*=.U3  G700 

iVNCt  let  I = .i-r  G07UB  6200 

2142  G07UB  6700 

2144  jie:;t  j 

21*:.0  LET  J=176  G02UB  6000 
2! '52  GO’fUB  6100 

2160  FOP  J=144  TO  2r2  STEP  8 Pck  t-  ... 

2162  GOiOB  6000  ’ * ^=5  s * yifk  ik, 

1 6*1  G^5§ L'B  1 00  c al,c  tji  \ I 

2166  LET  I->12  GOSIJB  6500  wt^un<i.  z'-' ■ tr?  ..  i r .v. 

2160  G0;LB  Z5700 
2170  LET  I:^>l:?.  GOSUG  6400 
2172  GOSue  6700 
.:'ir4  LET  l-J-21  GOSUD  6200 
2176  GL'SUB  6700 
J17:  LET  GOSUG  6200 

GO^nF:  6700 

M':2  LET  I^J-M  GOSUB  6400 

^l'-’4  GO'^-fiP  6700 

2116  LET  I-J-ir-GOSUB  6200 

JM;:  GOSUE*  6700 

j.l/«0  LET  I-J-IS’GOSUB  6200 

21  *‘2  G07UB  6700 

M'^  'T  w* 

;-;.:''i'i  PEMhKI  F THI?.  COUFLETES  the  CC.LCULHTIOII  of  the  25G  FPEOUEIiCY  F-T3 

E.-.-tO  LET  RO-Ct.ESG) 

..:;•!  1 IF  FP-B  THEM  LET  J=255 

LiMiE''  I ■ 00  ^ 'Rc  ,1m  Vi  Fft ' 

>:‘“ivi  PEIl'.=-l  R ChLCLILhTG  complex  G'S  for  CU'EM  FREG'IJEHCY  '■o>MUi<  ■ 7.1  u .<•• 
:.tC!i  if  ff-1  pfimt  ^tbo  Gco;i+  jr 

..00>.  LET  II^WMIJ:  IF  W--B  LET  W=  001  , ^ x 

:51*T  LEI  .ll-l)*CP-L£1  DO--RG  LET  D1=-1/(WKCG‘'  GOLUB  ?.i00  Cv  GF 

- ...-  1 i-f  /-/“-n/v.i  f*T  - I rr  i rr  n i u r***  * T r riV^hI«:  sviin  • J 


lo  5.55 


ffHi  1*3 


C /»uc  \ 


UJ  tj  #(  ^ I T /V.  t ^ r^'  4 • < i. 


:51*T  LEI  .il-l)*CP-L£1  DU--RG  LET  D1=-1/(WKCG‘'  GOLUB  ?200  Cv  GF  , JF= 

let  GG='I0!LET  JG'=MI:LET  D0-1  let  OI^IMPGICG  CCoUl:!  SilOO  T ■> 

:T:'T  let  iVi=Ln*MC'  LEI  Gl-CMMU  LET  JD-WtCO  LET  JF-HILF  G^-G^’  j 

LLI  L'0=  RL<-FLt  lE-LO  LCT  01--WtL'L  G0;U1;’  5E00  o ■ . „ ri 

.‘.‘■■•.to  LET  GB-ilO  LET  JL"M1 --IIICB  LET  fi-'i^FL  I FT  Cil=lMLL  Q.izUB  G'-^ 

LP.'ti  FlV,0'?K  t-  lIMEB  25‘l‘»;^tw6  FOP  "LQ"  FOfM  OF  LOOD  2j-IB  Oilirj  ’til 
, r*  GUiU  2S50  ^ ^ , <■» 

'644  LET  08’ NO  LET  [i]  r;|l  H|*C0 ‘ GOCMf:  7200  \ ''''  a*..*  LQ 

2''46  LLT  fi*"P->-LET  Dl-ni+-vl)cLO:i;C'Jj;;;  7200  J AA/i  16  *i  t>  , 

. S*'.u  LfT  GL’-NrtHlErLLT  Jl-Ml-^lMCL  t...  .i.  i 5^,,., 

LLT  NR-0  LET  lil^O  LET  LET  Ol-O 
, Ff  TltFM 


Ui.  X-  I >Ji  I |., 
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VUIO 
?0 1 2 
000 
::»Ut 

::’»v:o 

VOu':* 

”0*30 
30,?.: 
V07«:“ 
“30.;  0 
3‘.'*.’0 

3 1 00 

3101 
3M0 
3114 
311^: 

3110 
3K  \- 
311*. 

r^3100 

3101 

3104 

3111 

32^4000 
4010 
4010 
4030 
4040 
40^.0 
40t“0 
4t;ro 
r>4ioo 
4101 
4 1 04 
4 1 0"3 
410:1 
4U0 
4111 
4U4 
Ell.* 
4ilE. 
4ll§ 
Ell*' 
4 1 10 
— S3000 
'3001 

3004 

IH^'^'IOO 

3101 

3104 

S s,  00 
3101 
3.  04 

h » CiO 

eool 
► I 0 
*:  0 1 3* 
*: » *30 
♦“030 
‘.o.;o 

c.lOO 
» lOl 
*'104 

I 10»“ 

►•’  1 30 
1.140 
CIV) 
OlVi 


pcp^'M'  F I'O'if-  CHUuunnoii  poftnoti  rpouireo  i-op.  rs-lsio  r<>/<.  oc« 

IF  FP=1  PPItIT  "OCh'i  0 rRt<>'witwc»  Po/«t  j 

LET  lli;-.-i:r,'H'.‘>Gu  let  m--JLH..H‘,+Gl-LET  tlO=GF  LET  m-=JF  GOWP,  r<000 

LET  TiHni.i  LET  TL-.U  LET  IIO-GO  LEI  Hl^JO  LET  IIO'-GG  LET  IT1~JG  GOGUB  5 

LET  ilfcH.J+rO  LET  m=Al+Tl  LET  r'O-GI  -LF.T  0 1 = J'i ■ tmiB  5100 
LET  IIP--MO  LET  LET  IW^.L.GI  'LET  lll=JL+ JI 'I'.OyjB  5000 

LET  OP-n'.i  LET  OUhI  LCT  MO-CL'LET  IU=JL  LEI  I!0"G0+GG 
LET  IH  = .iD+OG-GiK.L'B  5000 

LET  T'T=hO  let  TI-hI  let  1!0=CG'LET  m=JG  = LET  IIO-GO‘LET  ITl^Gl 
GOrl.iJE:  500‘T 

LET  MO-hO+TO  let  Ml-AI+Tl>LET  00=G5  LET  Dl=JS  GO';.UB  5100 
LET  LET  tU--JI  GOSUEi  5000 

LEI  !.i?:“DR+PO  LET  01=01+01 
PETORM 

PEIlARt  DO- IF  ChLCULATIOII-FlllHL  PART  LPART  REQ’D  EUEII  IF  F.£.=L5.=0)  Complch  calc^cai.,. 
IF  "P=!  FRUIT  5100  hiA>  At^v 

LET  U'-'=ilr--GF+GO'LET  tlI=MI~JF+Gl  o<-  /u.<mi+ 

LET  M-<=.:0*GL  -LET  M1  = J0+JL  LET  IIO=GG+CI -LET  111  = JG+JI ‘GO'iUS  5000  ce.  i iok. 


BAO’  '/>k i. i.ii( i,  rnc.vi/. 

C^Kk/cs  Cch\t>ic>  Uivioc 

rt‘*<  V//Ty  ^ r 

•.’’if 

TiU  PA^wV'U  /<“  . 

-VJPC.^  r/./M  (.  U ’ 


TKtu\  s 

rrtHft  Aif  tr  V. 


t\ 


!•#»  I. 


4 


-4> 


LET  OP.-DF+»-0  LET  01=01+A1  LET  IIO=GF  LET  m=JF 
LET  MO=GO*GL+GG+G1+GO  LET  m=JD.JL+JG+Jl+Gl  iGOjUQ  5000 
LET  OR=OP+MOt  let  01=OI+A1 
FETORtl 

remm'-'f  ooTiiiE  TO  Calculate  (iir+jiii>/(or+joi> 

IF  FP=!  FRUIT  ?.;00 

LET  MO=UF  LET  111=111 -LET  00=0R  LET  01=01 'CO'-UB  5100 
LET  U?'(  J»=IIF:  LET  UKJ>=MiaET  BP.( J'.'=DR‘LET  BI<J>=DI 
FETUF)I 

REHhPi  R'  FaPhMETEF:  OaTA  FOR  ME5FET  PREAMP 
LET  PB=OE-l  LET  PD=r50  LET  FF=5000-LET  RG=10 
LET  P(=EE5  LET  PL=1000  LET  PS=15 
LET  C0=5E-13  LET  0F=2E-M-LET  CG=4E-13>LET  CL=1E-12 
LET  CP.-'OE-l'i-LET  C$=0 
LET  GM=  0I2M.ET  LL=2E-?'-LET  LS=0 
lf:t  FE=<lEr 
PETUFTI 

FRUIT  "ItlPlJT  CIFCUIT  PARAMETERS'" 

PPIlir  "F:I=''.R1.'‘  OHMS  CAF0=CP="iCPUE12i"  PF." 

PRIMT  PPIUT  "(EEI)BaCI'.  r'MPAMETEF'-:.'" 

I'F'Ii.T  "Pr=".RF."  OHMS  CF=",CF1  lt-l2i " PF." 

PRUM  -PPIMT  "'nAipa-  fhPA'SniC  PAPAHF.TEPS'" 

PF'IIIT  OHMS  L'i=  ' .LSUEO, " HAIIOHEHRIES.  CS=" iCSTlEtS 

PPllil  -PPIIIV  “LOhO  PARhHETEPS'" 

FPIMT  "F:L=",FLi"  UHMS  RB=";PE!j‘'  OHMS.  LL=‘‘;LLI  lE?i " MHY.  CL="iCL-U 
■ FF  '• 

PFIMT  PPIIIV  “MFI-SFET  PaPaIiF.TERS  = " 

FPIMT  ■■GM=".CM."  mhos.  F.G="iRG,"  OHMS  CG="iCGUEl2i " PF  C0="iC0Tl 
' PF  PO=".PU."  OMITS." 

FETi.i':'il 

FEMhM..  P CC't'FLE':  MULTIPLY  SUBPOUTIIIE-  HXM=A  Oc/iPifA  MyLT.P.  Y A v,/., 

LET  M0=M01l'0-mtMl  LET  A1=II0I1U+IIUM0 

PETU-':ll 

PFM.iC^  P COI'PLE':  OIUIOE  SUEFOUTIIIE  1I/D=M  CcJ/.A‘,f,  p.v.tr 

LET  C'M'-DOSDO+OIICM  LET  MO='.tlOIDCtHlltOO.‘Dll-LET  m=(lll  lOO-tlOlOl  VOM 

PETUPII 

FEM-iRi  P CCMPLE':  IMUEPSIOII  SUB-R'OUTIME  1/0=M 
LET  C’M=00‘CO+OilCU  LET  110=00  OM-LET  m=-Dl.‘OII 
FI  lU'-tl 

PEMmM  P Si.'F.ROUTlIiE  SECUEHCER  FOP.  EACH  ChLCULATEO  J UALUE  l 

If  FP=1  FRUIT  0000 

CO  !.UE'  1300  ' c c c;  n o r ^ 

LcT  M^-0  LET  lll  -O  LET  01=0 ‘LET  01=0  au  o r^tc^iAicy 

IF  FL=0  GOVJG  3000  ' 

criiuo  3i66 
rFTU'-*M 

PL(U?i'  P“  DnTO  LOG  3UBPU0TINE  FOR  CALCULOTEO  POIUTS 
IF  FR--1  FFIUT  0100 
IF  J GOTO  ElOO 

IF  J ♦ • f.  THDI  IF  r?=0  G03UB  7700 
LCT  r/  I'.i'*  LET  0<  JdM5'>=IU 

ir  r-'.M  GfiTo  Kio) 

IF  J cuvjt;  rrrjo 
RULMI 


244 


SC571.16TRF 

A5 


r>c'.'.’00  RL’MhKK  R ItlTERfOLMriOII  SUEROUTIHL'  FOR  STCR  S!2E  OF  1 u^ci- 

cOOl  IF  Ff-I  fRlIIV  <;200 

LCr  tlR=' ■I'l.iiRi  I-l  HF'filF'f  l+l.'-UR''I--3''-l.iRCI+3).V16  '' 

iT-.-ru  l.F.I  ltl='  I'ti.'i,  I-I  ! + l )-!JI<.l-7>-UKH-3))/16 

LET  DR='?>IEF'  I-l  .'-OK  I-3W;F<  IC%)VU; 

t:-tO  UGT  DI='  OiCK-I-l  •t-j'tou  1 + 1 ''-6K  I-3H5K  l+3>  V16, 

LET  i.irM '=tlF  LET  UM -'“III  LET  eR<I)=ORiLET  BK  I )=OI 
FGTI.IRM 

::>E7>‘'0  r-'EllHRt  f EUEFOi.iTIHE  FOR  <tlP+JIII  V<DR+JDI  > AT  IHTEPFOLATEO  POItlT  I 
^ IF  FP=l  FRUIT  EjOO 

E704  IF  I -25?  GOTO  E3;’'0 

LET  H0=HP  LET  |I1=H1.-LET  00=DR-LET  01=01  "GOJUB  5100 
E-3C0  LET  Cl  1+2SG>=M0:L£T  0U+2S6)=1T1 
Eo/'O  RETORM 

PEMfiPr  r intgffolatiom  subroutiue  for  step  size  of  s 'scd  to  c 

^E40l  IF  FF-1  PFIIIT  E400 

c410  LET  i|R='?!ijF'  I-2''+;>|iJPU+2''-UR';I-E‘)-UR<  I+o)V1E  U^thr 

E420  LET  ll!=(  ?':0U'  1-2  u.UiJU  1 + 2 >-i.iK  I-E  '-UK  I+E)-V16 

E4?u  LET  L)R=(  ?:!iP'  1-2  <+?tBP<  1+2  )-BR>'  I-5)-ER(  I+E)V16 

E44i'i  LET  0I=«  ?lEI'  I-2'+?IBI<  1+2-BI'  1-S  >-B!(  I+E>>/IE 

E4SIJ  LEI  UP+I  ■=I<F-  LET  UKI)=!IKLET  BRCi:'=DR  LET  eKl>=OI 
E4E+'  F'ETijPM 

3:SS?00  PSMhPF  R UITERPOLATIOII  subroutiue  for  step  size  of  4 Wit)  r<r- 
^^ESOl  IF  FP=1  PFUIT  E500 

E510  LET  l|R=<  ?‘UF- I-4H;<rMP(  I+4')-MP<' I-12)-UR<  I+12>Vl6  '+'»'/<  c-Ui-Y 

SS20  LET  ll!=*S*.Ul'  1-4 -+SUJK  1+4  ^-UU.  I-12>-UK  1+12)  VIS 
t'roU  LET  OP='  MfcF'  1-4  )+StEF,<  1+4 ;-EP\  I-12^-&P(  1 + 12))/1S 

CS‘40  LET  0I=<,  ;'‘M(  I-4''+2ftl,  I+4J-BK  1-12)-BI<  1 + 12))/1S 

ESSO  LET  iJF-a  >=I.F  LET  UK  I >=MI  LET  BRU,>=OR'LET  BI<I)=OI 
PETUPU 

7UU)  FOP  J=1  TO  255  7»u  t-VvH  ..  ► 

r*?16  t-nuriM 

F1‘I1hM  P ^.iG-FOUTMU;  10  CLDlR  DISPLAY  UARIhBLES 

ri*>i  If-  rp-1  ppim  noo 

no.-.  !-*(“.  r OPE  -^1  n + , 

r ; 1 0 OmTm  0 - o . o • y 0 • o ■ o . o - o o - o ^ o - 0/ o. 0/  o» o 
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APPENDIX  A. 6 


*00  PEMAT^K  PH  NOISE  H1STOGPAM  ANALYSIS 

101  LET  PB=0 

100  HOLD  Ih  bO)F^j  DG 

105  DISPLAY  "NOISE  HISTOGRAM.  SET  B VERT  FOP  <2.5  DIV  PEAK-EERO  CENTER 

-AND  PANEL  STORE." 

106  PRINT  "AF'^ER  SE'^TING  UP  INPUTS^  ENTER  ANY  NUMBER" 

I 10  INPI^T  OZ 

120  PRINT  "HOU  MANY  WAVEFORMS  DO  YOU  WANT  TO  AVERAGE?" 

125  INPU*^  NK 

129  LET  B=PB 

130  GET  b;’0^SF 
132  LET  A=0 

135  LET  SA=SF/2 
1A0  LET  HAS=DUS 
1 AA  LET  HC=  102./I/SF 
1A5  LET  B=PB 
IA6  LET  VE=SB 

150  REMAT>K  RM  LOOP 

151  FOR  K= 1 TO  NK 

155  LET  NG=0 

156  STR  B 

157  FOP  UJ=0  TO  V;E+.00/4  STEP  .002 

1 58  LET  NG-NG  + 0 

159  NEXT  WJ 

160  HOLD  B 

161  LET  B=^^B 

162  LET  B=B-MEA(B> 

16/|  LET  B=BMIC>256.02 
170  FOP  J=0  TO  510 

172  LET  a<B( J>>=A(B(J)>+1 
178  NEXT  J 

180  NEXT  K 

181  LET  hc=0:LET  I’A^A:  STOP 


200  T’EMAV’K  ^P  T’MS  ANALYSIS  OF  NOISE  HISTOGRAMS 
202  LET  N=0:LET  N1=0:LET  N2=0 
20A  FOP  J = 0 TO  51  1 

206  LET  S=A(J) 

207  IF  ^‘=0  GOTO  216 

208  LET  N=N^<' 

210  LE’*'  DX=J-256 

212  LET  S=SfDX;LET  N1=NI+S 
21/1  LET  N2=N2  + S^DX 
216  NEXT  J 

220  LET  MI=N1/N:LET  MS=  (N2/N  ) - (M  UM  I ) 

22/1  LET  PI  = SQR(MS) 

226  LET  CF=SA/51.2:LET  M = MUCF 
228  LET  PM=RHCF 

230  PRINT  "'»‘OTAL  OF"/ N-r  "PO INTS  MEASURED." 

232  PPINT  "DlfTPlBUTION  CENTER  (MEAN)  IS  AT"/ M/ HAS/ "( CENTER  TEPO).  (" 
/MI/  "ELEMENTS)  . " 

23/1  PPINT  '**^001  MEAN  SQUARE  DEVIATION  I S"/ PM/ HAS/ " . (THIS  IS"/R1/"ELE 
MENTS)." 

2/iO  STOP 
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300  ^UW\^K  GAI’Ff^IAM  FITTWiC  TO  UOIf^E  IllSTOGPAM 

301  2200 

302  LJr  TM=I 

30A  LET  i>B=LOG(D) 

3C6  LF.^  EM=3 
307  LET  Cb=-2 
300  HOLD  U 

310  HOLD  ME>B;FP 

311  LE*^  ?B=5A:LET  HHS=HAS 

312  LABEL  PH/'*LOG  OF  HISTOGPAM” 

3IA  LET  PC-0JLET  Cl  = 0;LET  C2=0 
316  LET  AP= ITP(0.3*PI  ) 

310  LET  AC=  ITP(256+MI<'.  5) 

320  FO^  K=(AC-AP)  TO  AC+AH 
322  LET  CI=C1+1 
32/1  LET  C2aC2  + BCK> 

326  NEXT  K 

320  LET  K0=.015+C2/C1 
330  LET  C3=0.5/(PI*'ri) 

332  FO^  J = 0 TO  51  I 
33/1  LE’^  DX=J-  (256^M  I ) 

336  LET  C/i=K0-DX^DX*C3 
330  IF  C/i>C5  GOTO  3/i0 
3/10  LET  C(J>  = 0 
3/i2  GOTO  350 
3/i0  LE*^  C(J)  = C/4 
350  NEXT  J 

352  P^lfJT  "GAUPSIAN  CALCULATED  IM  PC" 

35/1  P^IN*^  "LOG  T=K0-O:-M) 

356  ^^Ii‘JT  "K0=’M<C. = LX''(i:0) 

350  P^nr  "TM/  TJIE  ETANDAPD  DEVIATION/  i S"/ P 1 ♦ CF/ HA  t/ "OF"/ P !/ "ELEMENT? 
360  LET  <^C=<^A;LET  HCl=HAi 
362  LET  p.^rC 
36/|  CTQO 


2200  PEMAPK  PPP  GAl'^ciAN  <^MOO'^HIMG  FO^  HI?T0GpAM« 

2202  LET  ^D=0:LET  5D=?A:LET  Hl>t=  IIAI:  LET  VD1=VA5 
220/1  FOP  J = 3 -^0  508 

2206  LE*^  D(H  )=  (A(J-3)>2^A(J-2>  + /i^A(J- I ) ♦ A( J > ♦ A*  A(  J ♦ 1 ) ♦ 2 » A( J ♦ 2 > J O ) ) 

/19 

2208  UrvT  j . 

2210  LET  «D=D 
2212  PETP*HJ 


A00  PKMAPK  PP  N015E  ANALYSIS  IN  FPKO  DOMAIN 
A02  LET  A=0 
/10/1  LET  UE=SD 
A05  FOP  J=0  TO  JM 
A 10  STP  PB 

All  FOP  V'j20  TO  VE+.0CA  STEP  .002:NEXT  UJiHOLD  PB 
A12  LET  B=PB;LET  D=B-MEA(B) 

AI5  FFT  D/PCiPD 

A20  LET  PA3A+SQP(C*C+D*D) 

A25  NEXT  J 

A26  LET  <^A*SC:LET  HAl=HCS:  LE***  VAl=VCS 
A30  LET  CsA/<JMt  I ) 

A35  LET  :C=256:LET  IIC«SC/2!LET  PC=CiLET  TCaOiLET  HC  = 0 
A36  HOLD  PC 
AAO  STOP 
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600  PP  PnOGPAH  FOP  3DU  PANUl'IDTII  OF  C 

610  Lr:r  co=ma>:(C) 

6P0  LI:t  F3=(5C/5I  .r>*(CP5<C<J?56>/ • 707  H^C0)-O56) 

630  PPINT  "3D«  nArJDlMDTH  OF  C (RCLATIVi;  TO  MAX)  IS  F3a**;F3;iiCi 
6^0  S’^OP 

1000  li:t  aosaiilct  ai=o 

1001  PT>HJT  " APPAY  TO  BE  AVERAGED  IS  <A*1/  B=2^  C=3^ 

1000  IN*>UT  AI 

IO0A  IF  AI=1  ;HEN  let  TU1s"A" 

1036  IF  Al  = 2 THEN  LET  TUi=*'D” 

1008  IF  Al  = 3 THEN  LET  TVi»"C'‘ 

1010  IF  AI=4  THEN  LET  TUi3"D" 

1012  IF  AI  = 0 THEN  LET  AI  = A0 

1020  r>piNT  **AVEPAGE  ROUTINE  ON  ARPAV  ";TU$;":  INPUT  J START  AND  J FINAL" 

1022  INPUT  JS^JF 

102/1  LET  AV=0;LET  JU^JF-JSM 

1025  IF  AI= 1 GOTO  1030 

1026  IF  AI  = 2 GOTO  10/i0 

1027  IF  AI=3  GOTO  1050 

1028  IF  AI  = /i  GOTO  1060 

1029  PPINT  "INVALID  APRA'^  SELECTED  CYOU  GOOFED).  ABORT.":  STOP 

1030  F0*>  J>  JS  TO  JF 
1032  LET  A'‘«AV^-A(J) 

I03A  NEXT  J 

1036  GOTO  1070 
I0AO  FO"  J=JS  TO  JF 
I0A2  LET  AV3AV  + ,9<J) 

10/iA  NEXT  J 
IO/i6  GOTO  1070 
1050  FOP  J = JS  10  JF 
1052  LET  AV»AV*C(J) 

I05A  NEXT  J 
1056  GOTO  1070 
1060  FO^  J=JS  TO  JF 
1662  LET  AV=AV^D(J> 

106A  NEXT  J 
1070  LET  AV=AV/J!t 

1072  PPINT  "AVEPAGE  OF  ";TU1;"  FROM  J=";JS;"  TO  ";JF;"  IS  av«";av 
107/1  S*^0*5 


1200  PPINT  "ATTENUATE  B BY  FACTOR  OF  ";aF;"  PER  EL  STARTING  AT  J=" 

1202  LET  EM»  !:LET  MF=AF 

1203  IF  MF=0  THEN  LET  AF=0.98 

120/1  PPINT  "ATTENUATE  B B^  FACTOR  OF  ";AF;"  PEP  EL  STARTING  AT  J=" 

1210  LET  MFs  I 

1212  INPUT  JS 

1220  FOP  J = JS  *>‘0  511 

1230  LET  B(J)»B(J)*MF:LET  MF=MF*AF 

Ip/iO  NEXT  J:LET  PD=D 

12/1/1  LET  EM=0 

1250  STOP 

1300  REMARK  RR  PROGRAM  TO  CALCULATE  NOISE  BANDWIDTH  OF  MAG  ARRAY  IN  C 
1310  DIMENSION  X<5M  ) 

1320  PRINT  "NOISE  BANDWIDTH  OF  C CALC.  INPUT  JI  (♦  A - INTEGRATION  LIM 
ITS)" 

1330  INPUT  JI 
13/10  LET  CO*MAX(C) 

13/16  LE'*'  X=C*C 
1350  INTEGRATE  X# X 

1360  LET  Nn«(X(256^Jl>-X(256-Jl))/(2<‘CO^C0) 

1365  LET  ND5NBM<'C/51.2) 

1370  PPINT  "NOISE  BANDWIDTH  OF  C CALC’D  FROM  J=";256-Ji;"  T0";256^Ji;" 
IS" 

1380  PRINT  NB;"  H^." 

1390  STOP 
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6900  PRINT  " PROGRAM  TO  CALCULATE  NOISE  INTEGRAL  OF  DBM  CURVES" 

6902  PRINT  "THIS  IS  THE  STARTING  POINT;  PROCEEDING  CLEARS  ALL  ARRAYS." 
690A  PRINT  "INPUT  ANY  NUMBER  TO  PROCEED:" 

6906  INPUT  K 

6908  DIMENSION  AF(50>:LET  AF=0 
6910  DIMENSION  AD(50):LET  AD=0 
6912  DIMENSION  AP(50):LET  AP=0 
691A  DIMENSION  IP(50):LET  IP=0 
6916  LET  K=0 

6918  PRINT  "INITIALISATION  COMPLETE:  INPUT  NOISE  CURVES  STARTING  WITH 

LOWEST  FREQUENCY  CURVE" 

6920  GOTO  7000 

6950  PRINT  "FIRST  POINT  IN  ARRAY:  INPUT  APPROPRIATE  ZERO-FREQUENCY  VALUE 

6952  INPUT  DB 

695A  LET  AF(0)  = 0:LET  AD(0)=DB:LET  Ar>  ( 0 )=  1 0 t ( DB/ 1 0- 3 ) /DF 
6960  RETURN 

7000  PRINT  "INPUT  NOISE  BANDWIDTH  FOR  CURVE  (FROM  RESOLUTION):" 

7002  INPUT  DF 

700/:  PRINT  "INPUT  FREQUENCY/CM  FOP  CURVE  (DISPERSION):" 

7006  INPUT  HD 

7008  PRINT  "BEGir  INPUT  OF  HORIZONTAL  POS I T I ON ( CM ) - DBM  POINT  PAIRS" 

7010  PPINT  "HORI-ONTAL  POSITION  FIRST^  DBM  LAST.  USE  CONTROL  P TO  STOP" 
7012  IF  K=0  GOSUB  6950 

7020  INPUT  HP,.  DB 

7021  • ■.:P*HD<  = AF(1()  GOTO  7/:00:IF  DB-AD(K)>30  GOTO  7/:00 

7022  LET  K=I(+1 

702/:  LET  AF(!()  = HP*HD:  LET  AD(1()=DB 

7026  IF  DB-AD(K-1)>1  GOTO  7300 

7028  IF  AD(1(- 1 )-DB>  1 GOTO  7300 

7030  GOTO  7200 

70/:O  LET  IP(I()=  IP(I(- 1 )+DP 

70/:2  LET  AP ( K ) = 1 0 t ( ( . 1 »AD( I( ) ) - 3 ) /DF 

70/:8  GOTO  7020 

7100  PRINT  "NOISE  INTEGRAL  CALCULATION  DATA  AND  RESULTS" 

7102  PRINT 

710/:  PRINT  "FREQ(HZ)  SIG(DBM)  NP(W/HZ)  INTG'D  POWER  INTG'D 
VOLTAGE  NOISE" 

7105  LET  1(=-  1 

7106  LET  1(:^!<^: 

7110  r>p;,-JT  AF ( K) / AD(  1( ) . AP ( 1( ) . I P ( 1( ) / ( SOP ( 50*  1 P( K ) ) ) 

7111  IF  1(<5  GOTO  7106 

7112  IF  AF(1(+1)>0  GOTO  7 103 
7120  STOP 

7200  LET  DP=  ( (AF(K)- AF(K- 1 ) )/DF)*  ( 101  ( . 05*  (AD(1()+AD(K- 1 ) )-3)  ) 

7202  GOTO  70/:0 

7300  LET  DD=AD(K)-AD(K- 1 ) 

7302  LET  DP=( (AF(K)-AF(K- 1 ) )/DF)*( 10t ( . 1*AD(K- 1 ) - 3 ) ) * ( 1 0 1 ( . 1 ♦ DD) - 1 ) / 

( .23026*DD) 

730/:  GOTO  70/:O 

7/:0O  PRINT  "BAD  ^OINT  ENTERED  (FREQ  NOT  ABOVE  PREVIOUS  OR  >30  DB  CHANGE 
IN  SIG)  TRY  AGAIN" 

7/:02  GOTO  7020 
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